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Abstract
The Tropical Tropopause Layer (TTL) is a key region of the atmosphere where
abundance of water vapor (H2O) can impact the stratospheric entry and affects the
surface energy balance as well as the stratospheric ozone chemistry. In this thesis,
I address the important question of the impact of deep convection on the H2O
variability in the TTL. The implication of the daytime and nighttime difference of
the Microwave Limb Sounder (MLS) H2O, cloud Ice Water Content (IWC), and
temperature measurements is investigated from 2005 to 2012 in the tropics and
over restricted areas of north and south tropical South America, Africa, maritime
continent, and western Pacific. This approach emphasizes the different convec-
tive characteristics over land compared to ocean, northern tropics compared to
southern tropics, and winter compared to summer. Unlike in oceanic areas, the
continental convection is shown to drive the H2O diurnal variability in the TTL
where the sublimation of ice crystals injected by overshoots has a moistening effect
up to 80 hPa during the most convective period, and with a greater efficiency in
the southern tropics. As part of the TRO-pico project which aims to monitor H2O
in the TTL and Lower Stratosphere (LS), I also emphasize the results obtained
for the southern Brazilian region of Bauru.
Like water vapor, carbon monoxide (CO) is also a widely used tracer of convec-
tion. Released from incomplete combustion of anthropogenic and natural sources,
CO can be detected up to the LS, although its short lifetime prevents a homoge-
neous global mixing. In this thesis, and in collaboration with the University of
Maryland, I analyzed more than 10 years of CO emission in both hemispheres, over
land and ocean, derived from the Atmospheric InfraRed Sounder (AIRS) measure-
ments. The high correlation r (r > 0.8) found when compared to emission inven-
tory databases demonstrates the viability of the method. Finally, I also outline
and validate two new CO products, namely, the sixth version of AIRS CO oper-
ational product, and a data fusion combining AIRS and Tropospheric Emission
Spectrometer (TES) observations in the troposphere, and AIRS and MLS obser-
vations in the Upper Troposphere-Lower Stratosphere (UTLS), providing valuable
information for air quality, UTLS dynamics and transport studies.
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Re´sume´
La haute troposphe`re-basse stratosphe`re tropicale (TTL1) est une re´gion cle´ de
l’atmosphe`re ou` l’abondance de vapeur d’eau (H2O) influe sur la quantite´ d’eau
atteignant la stratosphe`re. Les re´percussions sont de l’ordre radiatif puisque la
vapeur d’eau stratosphe´rique participe a` l’e´quilibre e´nerge´tique a` la surface de la
Terre, et chimique e´tant donne´ sa propension a` de´grader l’ozone. Cette the`se pose
donc la question fondamentale du roˆle de la convection profonde sur la variabilite´
de H2O dans la TTL. Pour y re´pondre, les observations de H2O, nuage de glace et
tempe´rature produites par l’instrument spatial Microwave Limb Sounder (MLS), a`
bord de la plateforme Aura, ont e´te´ analyse´es entre 2005 et 2012 dans les tropiques
ainsi que pour des re´gions plus restreintes des tropiques Nord et Sud de l’Ame´rique
du Sud, l’Afrique, le continent maritime et le Pacifique de l’Ouest. Une approche
consistant a` analyser la diffe´rence entre les mesures diurnes et nocturnes a permis
de mettre en e´vidence les effets de la convection continentale compare´e a` celle
oce´anique, ainsi que l’influence de l’he´misphe`re et de la saison. Les re´sultats
de´montrent que la convection continentale est en grande partie a` l’origine de la
variabilite´ de H2O dans la TTL graˆce a` l’injection de cristaux de glace qui, suite a`
leur sublimation, hydrate cette re´gion de l’atmosphe`re. Ce phe´nome`ne est observe´
en moyenne jusqu’a` 80 hPa au plus fort de la saison convective et de manie`re plus
marque´e dans l’he´misphe`re Sud. Dans le cadre de TRO-pico, un projet visant a`
e´tudier H2O dans la TTL et basse stratosphe`re, une e´tude similaire mais focalise´e
sur le Sud du Bre´sil est aussi pre´sente´e.
Au meˆme titre que la vapeur d’eau, le monoxyde de carbone (CO) est aussi
couramment utilise´ comme marqueur de convection. Produit par des re´actions de
combustion incomple`tes, aussi bien d’origines naturelles qu’anthropiques, le CO
peut eˆtre de´tecte´ jusque dans la basse stratosphe`re. Cependant, en raison de sa
courte dure´e de vie, ce gaz n’est pas homoge`nement me´lange´ dans l’atmosphe`re.
Pour cette the`se, et en collaboration avec l’universite´ du Maryland, plus de 10 ans
d’e´missions de CO obtenues a` partir des observations spatiales de l’Atmospheric
InfraRed Sounder (AIRS), a` bord de la plateforme Aqua, ont e´te´ analyse´es en
diffe´rentiant continents et oce´ans dans chaque he´misphe`re. La forte corre´lation r
1acronyme pour ‘Tropical Tropopause Layer’ en anglais
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(r > 0.8) obtenue avec les bases de donne´es d’e´mission de CO (GFED et MACCity)
a permis de de´montrer la viabilite´ de la me´thode. Finalement, deux nouveaux jeux
de donne´es de CO sont pre´sente´s et valide´s, i.e. la fusion de donne´es combinant les
observations de AIRS a` celles du Tropospheric Emission Spectrometer (TES) dans
la basse et moyenne troposphe`re et a` celles de MLS dans la haute troposphe`re et
au-dela`, ainsi que la sixie`me et nouvelle version des inversions de AIRS. La forte
valeur ajoute´e de ces produits pour les e´tudes lie´es a` la qualite´ de l’air, mais aussi
a` la dynamique et au transport dans la haute troposphe`re-basse stratosphe`re est
de´montre´e dans cette the`se.
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Introduction
Without atmosphere, the Earth would be a very hostile place for life. Not even
mentioning the oxygen vital for most life-forms, the atmosphere acts as a radia-
tion shield stopping most of the harmful solar ultra violet radiation. In addition,
although accounting for less than 1 %, the greenhouse gases that enter in its com-
position keep the surface temperature above freezing. Among these gases, one is
of particular interest as it is at the heart of most atmospheric processes, having
repercussions on a wide variety of fields from the bio-chemistry to the weather and
climate (Delmas et al., 2005). This is the water vapor (H2O).
The spectroscopic properties of the water molecule make the water vapor the
largest infrared absorber in the atmosphere and consequently the most efficient
greenhouse gas. Even so, H2O is not considered as a forcing in the context of
climate change because, unlike long-lived species such as carbon dioxide (CO2),
methane (CH4), and nitrous oxide (N2O), whose concentrations increase with an-
thropogenic emissions, for a given tropospheric temperature the amount of at-
mospheric H2O is globally constant. However, the rise of temperature inevitably
leads to a rise of the atmospheric moisture, which can thus absorb more thermal
infrared emissions and consequently amplifies the warming by feedback effect.
Although uncertainties exist, modern theories and models have been shown to
simulate tropospheric moisture variability, transport, and climate feedback. Re-
cent progress has been thoroughly reviewed by Sherwood et al. (2010). In contrast,
the contribution of the mechanisms driving the stratospheric water vapor variabil-
ity and distribution is still debated and poorly represented in global models. Jiang
et al. (2012) identified the upper tropospheric-lower stratospheric (UTLS) H2O
as the constituent with the largest errors and inter-model spread in climate model
simulations. This is alarming since the water vapor entering the stratosphere
through tropical tropopause layer2 (TTL) is, with the CH4 oxidation, the major
source of stratospheric H2O and its feedback significantly impacts the climate as it
affects the surface energy budget and stratospheric ozone (O3) chemistry (Solomon
et al., 2010; Dessler et al., 2013). In fact, numerous studies reported an increasing
trend of the stratospheric H2O during the 1980s and 1990s (before, too few ob-
2tropical UTLS
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servations are available) at a rate of 0.6 % per year (Rosenlof et al., 2001; Scherer
et al., 2008; Hurst et al., 2011), followed by a decade without significant trend.
This variability is punctuated by sudden drops, like in 1991 (although not well
documented), 2000, and more recently, 2011 (Randel et al., 2004; Fueglistaler et
al., 2012; Urban et al., 2014). Yet, neither the variability of the tropopause tem-
perature (controlling how much the air is dehydrated when it passes through this
layer) nor that of the stratospheric CH4 can fully explain the H2O trends or drops.
This further underlines the need to better understand the mechanisms governing
the TTL where most of the troposphere-to-stratosphere transport takes place. In
2009, Fueglistaler et al. published a comprehensive overview of the radiative, dy-
namical, and chemical processes driving the variability of the TTL structure and
constituents, but not without pointing out that some processes, like the deep over-
shooting convection, and their impacts on the TTL remain poorly understood.
Since then, studies demonstrated the impact of continental overshooting convec-
tion on the temperature in the TTL and lower stratosphere (LS) (Pommereau et
al., 2007, Khaykin et al., 2013). They showed a late afternoon drop of temper-
ature consistent with the diurnal maximum of deep continental convection (Liu
and Zipser, 2005), attributed to the fast injection of air adiabatically cooled in the
overshooting turrets at temperature down to 9◦C below that of the environment.
This thesis covers, in part, another aspect of the deep overshooting convec-
tion, i.e. its impact on the H2O budget in the TTL. Following up the work of
Liu and Zipser (2009), I analyzed 8 years of space-borne observations from the
Microwave Limb Sounder (MLS) onboard the National Aeronautics and Space
Administration (NASA) Earth Observing System (EOS) Aura platform. The
philosophy was to discuss the implication of the difference between the daytime
satellite overpass (a few hours before the peak of convective activity) and the
night-time overpass (a few hours before the minimum of convective activity). Spe-
cific land and oceanic regions in the northern and southern tropics are separately
studied in term of convective versus non-convective areas and convective versus
non-convective seasons. This work was conducted as part of the TRO-pico project
(www.univ-reims.fr/TRO-pico, principal investigator: E. Rivie`re, GSMA, Uni-
versite´ Champagne Ardennes, Reims). Seven french laboratories3 work in collab-
oration with the Brazilian Instituto de Pesquisas Meteorolo´gicas (IPMet) of the
Universidade estadual paulista (Unesp) for this 5-year (extended to 7) experiment
launched in 2012 and funded by the French Agence Nationale de la Recherche
(ANR). Aiming at quantifying the H2O fluxes from overshooting convection and
the impact on the TTL and LS during the wet season in the southern Brazilian
region of Bauru, Sao Paulo state, the project relies on field campaigns involving
balloon-borne, ground-based, and space-borne observations as well as modeling.
3see chapter 3.1 Presentation of TRO-pico
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Like water vapor, carbon monoxide (CO) is an excellent tracer of vertical trans-
port and has been used in numerous studies for this purpose (e.g. Li et al., 2005;
Ricaud et al., 2007; Schoeberl et al., 2008; Liu and Zipser, 2009; Gonzi and Palmer,
2010; Pumphrey et al., 2011). Released by anthropogenic emissions and biomass
burning, CO’s 1 to 3 months life-time prevents global homogeneous mixing but
enables its transport up to the stratosphere. CO has a significant importance from
a radiative forcing perspective, not really through its intrinsic spectroscopic prop-
erties (it is a weak greenhouse gas) but more powerful greenhouse gases (CO2 or
CH4 for example) result from its interaction with other molecules.
Beyond the climatic aspects, air quality is also an important issue. In urban
areas where motor vehicle emissions are a major source of combustion pollutants,
exposure to O3 polluted air, a by-product of the CO oxidation, becomes a human
health threat. Numerous studies demonstrated the health risks of large near sur-
face O3 concentration (e.g. Altshuller and Lefohn, 1996; Lin et al., 2000). The US
Environmental Protection Agency (EPA) pointed out serious consequences on the
human health, including premature death, cardiovascular diseases, nervous sys-
tem diseases, reproductive and developmental disorders, and respiratory diseases
(EPA, 2013). People already suffering heart diseases, pregnant women, and people
with hematologic disorders are the most at risk. CO, an ozone precursor, serves
as a tracer for pollution sources.
Consequently, it is not surprising that governments set up pollution control and
air quality forecast programs. To be efficient, those programs necessitate constant
monitoring. Although in situ, ground-based, or airborne instruments provide high
resolution measurements, their short spatial coverage limited the comprehensive-
ness of the ‘global picture’ as CO is transported by the atmospheric circulation
on intercontinental scales (Stohl et al., 2002; Liang et al., 2004; Derwent et al.,
2004; Gloudemans et al., 2006). Great progress was made with the development of
satellite instruments and the first dedicated observations nearly two decades ago,
which made possible the global scale monitoring of atmospheric pollutant like CO.
This thesis also covers the space-borne monitoring of the carbon monoxide.
Owing to a collaboration with Dr. Warner, I joined her team at the University
of Maryland, College Park, USA, for a period of 2 years. I analyzed the tropo-
spheric CO variability in the northern and southern hemispheres, land and ocean,
applying an innovative statistical methodology developed by Dr. Warner’s team
that discriminates the CO relatively stable background from the more variable
fresh emissions in space-borne datasets. This work was based on the Atmospheric
InfraRed Sounder (AIRS) onboard the NASA EOS Aqua platform and its more
than decade long dataset, as well as the Infrared Atmospheric Sounding Interfer-
ometer (IASI) onboard the Eumetsat MetOp-A platform. Furthermore, I have
also been involved in the validation phase of several new CO products, namely, a
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data fusion of different instruments including AIRS, MLS and the Tropospheric
Emission Spectrometer (TES), and the newly released sixth version of the AIRS
CO operational product.
This thesis is structured as follows. Chapter 1 presents some fundamental
properties of the atmosphere, including the thermal structure, general circulation,
and cycles of H2O and CO. Chapter 2 is based on a published study that I led on
the impact of the deep convection on the H2O budget in the TTL, with emphases
on several continental and oceanic tropical regions. A special focus on the southern
Brazilian region of Bauru, in link with the TRO-pico experiment is given in chapter
3. Based on a study led by Dr. Warner that I co-authored, chapter 4 is the
first of three chapters dedicated to the CO, and presents a statistical analysis of
the tropospheric CO variability from AIRS and IASI observations. In chapter
5, I discuss two combined products from AIRS and TES, and AIRS and MLS
observations, with a case study illustrating the advantages of the data fusion for
UTLS studies. Chapter 6 is dedicated to an extensive validation of the newly
released AIRS version 6 CO operational product. Finally, the general conclusions
and perspectives mark the end of this thesis.
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Introduction
Sans atmosphe`re, les conditions sur Terre seraient tre`s hostiles au de´veloppement
de la vie. Outre l’oxyge`ne indispensable a` la plupart des eˆtres vivants, l’atmosphe`re
prote`ge la surface de la Terre contre les rayonnements ultraviolets en provenance
du Soleil. De plus, les gaz a` effet de serre qui entrent dans sa composition, bien
que minoritaires (mois de 1 %), permettent de maintenir une tempe´rature moyenne
positive a` la surface. L’un de ces gaz est d’un inte´reˆt majeur puisqu’il participe a` la
plupart des processus atmosphe´riques ayant des re´percussions dans de nombreux
domaines, depuis la biochimie aux phe´nome`nes me´te´orologiques et climatiques. Ce
gaz est la vapeur d’eau (H2O).
Les proprie´te´s spectroscopiques de la mole´cule d’eau font de la vapeur d’eau le
plus important absorbant de rayonnement infrarouge dans l’atmosphe`re et donc
le plus important gaz a` effet de serre. Malgre´ cela, l’impact de H2O n’est pas
conside´re´ comme un forc¸age climatique. A` la diffe´rence des gaz a` longue dure´e
de vie tels que le dioxyde de carbone (CO2), le me´thane (CH4) ou l’oxyde nitreux
(N2O) dont la concentration augmente a` cause des e´missions anthropiques, la quan-
tite´ de H2O dans l’atmosphe`re reste globalement constante pour une tempe´rature
donne´e. Ne´anmoins, l’augmentation de la tempe´rature entraine ine´vitablement la
hausse du taux d’humidite´ dans l’atmosphe`re, qui par conse´quent peut absorber
plus de rayonnement infrarouge. Cela amplifie donc le re´chauffement de manie`re
re´troactive.
Bien que des incertitudes subsistent, les the´ories et mode`les modernes se sont
montre´s efficaces pour simuler la variabilite´, le transport et l’impact sur le climat
de H2O dans la troposphe`re. Les re´cents progre`s en la matie`re ont fait l’objet
d’une e´tude approfondie par Sherwood et al. (2010). En revanche, la contribu-
tion des me´canismes a` l’origine de la variabilite´ et la distribution de H2O dans la
stratosphe`re est, a` l’heure actuelle, encore peu ou pas repre´sente´e dans les mode`les
globaux. Jiang et al. (2012) ont identifie´s H2O comme le parame`tre sujet aux plus
larges erreurs et e´carts inter-mode`les dans la haute troposphe`re-basse stratosphe`re
(UTLS4) dans les simulations des mode`les climatiques. Il s’agit d’un constat alar-
mant puisque la vapeur d’eau qui entre dans la stratosphe`re en traversant l’UTLS
4acronyme pour l’anglais ‘Upper Troposphere-Lower Stratosphere’
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tropicale (TTL5) y est, avec l’oxydation du me´thane, la principale source de H2O.
La vapeur d’eau stratosphe´rique a un impact significatif sur le climat du fait de
son action sur le bilan e´nerge´tique a` la surface et son roˆle dans l’appauvrissement
de l’ozone (O3) stratosphe´rique (Solomon et al., 2010 ; Dessler et al., 2013). De
nombreuses e´tudes ont reporte´es une tendance a` l’augmentation de H2O dans la
stratosphe`re dans les anne´es 80 et 90 au rythme de 6 % par an (Scherer et al.,
2008), suivi par une de´cennie sans re´elle tendance. Cette variabilite´ est ponctue´e
par des chutes soudaines de la teneur en H2O, tellles qu’en 1991 (bien que peu
documente´e), 2000 et plus re´cemment, 2011 (Randel et al., 2004 ; Fueglistaler et
al., 2012 ; Urban et al., 2014). Pourtant, ni la variabilite´ de la tempe´rature a` la
tropopause (qui controˆle le degre´ de de´shydratation d’une parcelle d’air lorsqu’elle
passe a` ce niveau), ni celle du CH4 ne permettent d’expliquer comple`tement la rai-
son de ces tendances et chutes soudaines. Cela souligne d’autant plus le besoin de
mieux comprendre les me´canismes gouvernant la TTL, lieu de pre´dilection pour le
transport depuis la troposphe`re. Re´cemment, Fueglistaler et al. (2009) ont publie´
une e´tude pre´sentant un panorama de´taille´ de processus radiatifs, dynamiques et
chimiques gouvernant la variabilite´ de la structure de la TTL et de ses constituents.
Ils ont cependant souligne´ que certains processus, comme la convection profonde
par exemple, et leurs impacts sur la TTL restent globalement me´connus. Depuis
lors, des e´tudes ont de´montre´ les effets de la convection continentale profonde
sur la tempe´rature dans la TTL et basse stratosphe`re (Pommereau et al., 2007
; Khaykin et al., 2013). Elles ont mis en e´vidence une chute de tempe´rature en
fin d’apre`s-midi, cohe´rente avec le maximum diurne d’activite´ convective sur les
continents (Liu et Zipser, 2005), attribue´e a` la rapide injection d’air adiabatique-
ment refroidi dans la colonne convective a` des tempe´ratures jusqu’a` 9 K sous la
tempe´rature ambiante.
Cette the`se porte, en partie, sur un autre aspect de la convection profonde :
son effet sur le bilan de la vapeur d’eau dans la TTL. En se basant sur une e´tude de
Liu et Zipser (2009), j’ai analyse´ 8 ans d’observations spatiales du Microwave Limb
Sounder (MLS) a` bord de la plateforme Aura de la NASA. La philosophie e´tait
d’examiner la diffe´rence entre les observations diurnes et nocturnes pour en de´duire
les possibles implications pour la variabilite´ de H2O. L’e´tude fut donc conduite de
manie`re a` pouvoir comparer les re´gions convectives aux re´gions non-convectives,
ainsi que la saison convective a` la saison non-convective, se´pare´ment en milieu
continental et oce´anique, dans les tropiques Nord et Sud. Ce travail de recherche
fut conduit dans le cadre du projet TRO-pico (www.univ-reims.fr/TRO-pico,
coordinateur: E. Rivie`re, GSMA, Universite´ Champagne Ardennes, Reims). TRO-
pico est un projet de 7 ans finance´ par l’Agence Nationale de la Recherche (ANR)
5acronyme anglais pour tropical tropopause layer
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et lance´ en 2012. Sept laboratoires franc¸ais6 participent au projet en collaboration
avec l’Instituto de Pesquisas Meteorologicas (IPMet) Bre´silien de l’Universidade
estadual paulista (Unesp). Visant a` quantifier les flux de vapeur d’eau injecte´s
dans la TTL et la basse stratosphe`re durant la saison humide dans la re´gion de
Bauru au Sud du Bre´sil, le projet s’appuie sur des campagnes de mesures par
ballons, instruments au sol, satellites et mode´lisation.
Similairement a` la vapeur d’eau, le monoxyde de carbone (CO) est aussi un ex-
cellent marqueur de transport vertical et a e´te´ utilise´ a` cet effet dans de nombreuses
e´tudes (Li et al., 2005 ; Ricaud et al., 2007 ; Schoeberl et al., 2008 ; Liu et Zipser,
2009 ; Gonzi et Palmer, 2010 ; Pumphrey et al., 2011). Libe´re´ dans l’atmosphe`re
par les e´missions humaines ainsi que les feux de biomasse, la courte dure´e de vie du
CO (1 a` 3 mois) empeˆche son me´lange homoge`ne a` l’e´chelle globale mais permet
toutefois son transport jusqu’a` la stratosphe`re. Le CO a un impact significatif
sur le forc¸age radiatif, non pas a` cause de ses proprie´te´s spectroscopiques (l’effet
de serre propre au CO est plutoˆt faible), mais parce que de puissant gaz a` effet
de serre (CO2 ou CH4 par exemple) re´sultent de ses interactions avec d’autres
mole´cules.
Au-dela` de l’aspect climatique, le CO pose aussi des proble`mes lie´s a` la qualite´
de l’air. En milieu urbain, ou` les e´missions des ve´hicules sont une importante
source de pollution lie´es a` la combustion des carburants fossiles, l’exposition a´ de
l’air charge´ en O3, un produit de´rive´ de l’oxydation de CO, devient une menace
pour la sante´ humaine. Ce risque sanitaire a largement e´te´ de´montre´. Selon le
dernier rapport de l’agence de protection environnementale Ame´ricaine (EPA), les
conse´quences sur la sante´ d’une exposition, meˆme ponctuelle, comporte des risques
de de´ce`s pre´mature´s, maladies cardiovasculaires, maladies du syste`me nerveux,
troubles du de´veloppement et de la reproduction et maladies respiratoires (EPA,
2013). Les personnes de´ja` sujettes a` des proble`mes cardiovasculaires ou he´matologiques,
ainsi que les femmes enceintes sont les plus expose´es.
En conse´quence, il n’est donc pas surprenant que les gouvernements aient in-
staure´ des normes pour le controˆle de la pollution atmosphe´rique et de´veloppent
des programmes de pre´vision de la qualite´ de l’air. Pour des raisons d’efficacite´, ces
programmes ne´cessitent un controˆle constant de la pollution. Bien que les mesures
in situ, d’instruments au sol ou a` bord d’avions aient une tre`s haute re´solution,
leur faible couverture spatiale limite la compre´hension globale des phe´nome`nes
de pollution puisque le CO peut eˆtre transporte´ a` des e´chelles intercontinentales
depuis la source d’e´mission (Stohl et al., 2002 ; Liang et al., 2004 ; Derwent et al.,
2004 ; Gloudemans et al., 2006). Ne´anmoins, de grand progre`s ont e´te´ faits avec le
de´veloppement des instruments satellite et les premie`res observations de´die´es a` la
mesure de la pollution atmosphe´rique il y a pre`s de deux de´cennies. Cela a rendu
6voir chapitre 3.1 Presentation of TRO-pico
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possible la surveillance a` l’e´chelle globale de polluants comme le CO.
Cette the`se est aussi consacre´ a` l’e´tude du monoxyde de carbone a` partir
d’observations spatiales dans le cadre d’une collaboration avec le Dr. Warner de
l’universite´ du Maryland. J’ai donc analyse´ la variabilite´ troposphe´rique du CO au-
dessus des continents et des oce´ans des deux he´misphe`res graˆce a` une me´thodologie
innovante de´veloppe´e par le Dr. Warner et son e´quipe. Il s’agissait d’isoler dans
les observations satellite le CO dit de fond dont la quantite´ varie peu d’un mois a`
l’autre, et les e´missions re´centes qui, au contraire, peuvent pre´senter d’importants
sursauts. Les jeux de donne´es de l’Atmospheric InfraRed Sounder (AIRS) a` bord
de la plateforme Aqua de la NASA et de l’Infrared Atmospheric Sounding Inter-
ferometer (IASI) a` bord de la plateforme europe´enne MetOp-A ont e´te´ exploite´s
pour cette e´tude. De plus, j’ai aussi activement participe´ aux phases de validation
de deux nouveaux jeux de donne´es de CO, i.e. une fusion de donne´es de´veloppe´e
par l’e´quipe du Dr. Warner entre AIRS, MLS et le Tropospheric Emission Spec-
trometer (TES), et la version 6 des inversions de CO de AIRS, re´cemment rendue
publique par la NASA.
Cette the`se est structure´e comme suit. Le chapitre 1 pre´sente certaines pro-
prie´te´s fondamentales de l’atmosphe`re telles que sa structure thermique, les car-
acte´ristiques ge´ne´rales de circulation et les cycles de H2O et CO. Le chapitre 2 est
base´ sur une e´tude publie´e dont je suis l’auteur principal et concerne l’effet de la
convection profonde sur le bilan de H2O dans la TTL. Une analyse de´taille´e de
l’effet de la convection sur la re´gion de Bauru en lien avec le projet TRO-pico est
pre´sente dans le chapitre 3. Base´ sur une e´tude publie´e du Dr. Warner dont je suis
second auteur, le chapitre 4 est le premier de trois chapitres de´dies a` l’e´tude du
CO et pre´sente une analyse statistique de la variabilite´ du CO dans la troposphe`re.
Dans le chapitre 5, je pre´sente la fusion des observations de AIRS et TES ainsi
que AIRS et MLS, leur validation et un cas d’e´tude illustrant les avantages d’un
tel produit pour les e´tudes de l’UTLS. Le chapitre 6 est de´die´ a` la validation de
la version 6 des inversions de AIRS. Finalement, la conclusion et les perspectives
cloˆturent cette the`se.
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Chapter 1
Fundamentals in atmospheric
physics and chemistry
The atmosphere is this envelope of gas that surrounds our planet. Under the effect
of the gravity, the atmosphere density and pressure are the largest at the Earth
surface and decrease with altitude. For instance, the number of molecules (and
atoms) at sea level per cubic centimeter is 2× 1019, and each of them collides with
another molecules (atoms) 7× 109 times per seconds, while at 600 km above the
ground (about the altitude of meteorological satellites) the density is only 2× 107
molecules cm−3 for a collision rate of 1 per minute. Its chemical constitution, built
over the billions of years since the Earth formation, is at the present time composed
of nearly 78 % of nitrogen, 21 % of oxygen, and 1 % of argon and various gases in
trace amounts, the so called ‘trace gases’ such as carbon monoxide and dioxide
(CO and CO2, respectively), ozone (O3), or water vapor (H2O). Nonetheless, the
chemical composition is not homogeneous on the vertical as the atmosphere is
composed of different layers. They are commonly differentiated by the thermal
structure of the atmosphere.
1.1 Structure of the atmosphere
The troposphere, the lowest layer of the atmosphere, extends from the surface
to 7-9 km in polar regions and 15-18 km in the tropics. In the troposphere, the
temperature decreases with the altitude. A rising air parcel adiabatically cools
down as it expands at lower pressure. The variation of temperature with the
altitude, referred as adiabatic lapse rate, is rather regular but depends on the
air moisture. It ranges from -3 K km−1 in wet condition to -10 K km−1 in dry
condition. The troposphere contains about 75 % of the atmosphere’s total mass
and 99 % of its water vapor. It is also the layer in which most of weather-related
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phenomena occur because of the turbulent vertical mixing favored by the negative
lapse rate. This characteristic earned it its name, derived from the Greek ‘tropos’
for turning (understand mixing). The top of this layer, where the temperature
reaches its minimum, is referred as tropopause and marks the transition between
the troposphere and the upper layer, the stratosphere.
The stratosphere extends over 40 km and it is characterized by a positive lapse
rate, increasing from 1 K km−1 in its lower end to 3 K km−1 in its upper end. The
rise of temperature with the altitude is caused by the large O3 content, the ozone
layer, which absorbs the solar ultra violet (UV) radiation and converts it into heat.
With higher temperature in the upper part of this layer, a rising air parcel cooled
by its adiabatic expansion becomes colder than its environment and is inclined to
return to its equilibrium level. This limits the vertical mixing in the stratosphere
and results in an horizontal stratification. The name stratosphere finds its origin
in the Latin ‘stratus’ and French ‘sphe`re’, literally meaning a sphere of layers. The
temperature reaches its maximum at the stratopause at about 50 km, which marks
the transition level to the next layer, the mesosphere.
Figure 1.1: Schematic representation of the atmospheric layers with the profile
of temperature (yellow, left) and pressure (black, right). Credit: Encyclopædia
Britannica 2012.
The mesosphere (from the Greek ‘meso’ for middle) is characterized by a de-
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crease in temperature with the altitude up to the mesopause at about 80 km.
Above, lies the thermosphere (from the Greek ‘thermos’ for hot) up to about
600 km and the exosphere (from the Greek ‘exo’ for outer side) that does not
really have an upper limit as it progressively fades into space. Both layers are
marked by the increase of temperature with the altitude due to the molecular
oxygen absorption of high energetic solar UV radiation. Molecules and atoms at
these levels are ionized by the UV light so that these layers can also be referred
as ionosphere. The temperature in these levels can reaches several thousands of
degrees, but because of the low density, it cannot be ‘felt’ as the temperature in
a dense medium and only have a meaning in physical applications. Figure 1.1
schematically summarizes the different atmospheric layers as well as the profile of
temperature and pressure.
Finally, since the exosphere does not have an outer border, we can wonder
where the limit between the atmosphere and space is. This limit was first offi-
cially defined by the National Advisory Committee for Aeronautics, the National
Aeronautics and Space Administration (NASA) predecessor, as the altitude where
the atmospheric pressure was less than one pound per square foot. It corresponds
to the altitude (∼50 miles – 81 km) where airplane control surfaces (the moving
parts of the wings and tail) can no longer be used. This limit is still used by the
US Air Force awarding astronaut wings to pilots flying beyond 50 miles. NASA
however, uses today the 62 miles - 100 km Karman limit, defined as the altitude
where suborbital speed (from 950 m s−1) are required to be reached.
1.2 Atmospheric circulation
The combined effect of the meridional thermal surface gradient resulting from the
solar radiation, the large scale energy transfer conveyed through the water vapor
phase changes, and the Earth rotation deflecting equator-ward winds to the west
and pole-ward winds to the east, drives the general circulation features observed
in the atmosphere. The troposphere is divided in three wind cells (by hemisphere):
the Hadley, the Ferrel, and the Polar cells preventing a direct circulation from pole
to equator.
Hadley cells, the largest ones, are situated each side of the equator. The warm
equatorial surface gives rise to warm and moist air up-welling, producing cloud and
atmospheric instability, which results in a band of low pressure at the equator. The
release of latent heat when atmospheric water vapor condenses further enhances
the cell circulation. At the tropopause, the air flows pole-ward, experiencing drying
and cooling as the water vapor condensates or sublimates, and sinks between 30
and 40◦ latitude in both hemispheres. A part of the sinking air returns toward the
equatorial low pressure region, producing easterly trade winds (due to the Coriolis
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effect) and rises again in a new cycle. The low pressure band where the bottom
winds of the Hadley cells converge is referred as Inter Tropical Convergence Zone
(ITCZ) and is associated with abundant precipitations in all seasons. Owing to
the Earth’s axis tilt, the ITCZ shifts north and south of the equator in the summer
hemisphere where the incoming solar radiation is the largest.
The middle cells, known as Ferrel cells, are characterized by low level air flowing
pole-ward in westerly winds and rising at the pole front where the warm mid-
latitude air meets the cool polar air at 60-70◦ latitude in both hemispheres. The
rising air generates moderate precipitations in all seasons at these latitudes. At
the top of the troposphere, the circulation entrains the air back to low latitudes,
where it joins the sinking air of the Hadley descending branch. Sinking air results
in high pressure zones predominantly dry and cloud free. Most of the deserts are
found near these latitudes.
Finally, the Polar cells, which are the smallest, cover the polar latitudes. Rising
air at the polar front sinks at the pole and flows back to lower latitudes at the
surface with easterly winds. Figure 1.2 schematically summarizes these different
circulation features.
Figure 1.2: Schematic representation of atmospheric cells and wind patterns (Lut-
gens et al., 2001).
In the tropics, another circulation pattern featuring rising and sinking motion
also occurs along with the Hadley cell, but in the east-west direction. This sec-
ondary circulation, known as Walker circulation, results from zonal gradient in
surface temperature, linked to oceanic thermal structure and continental radia-
tive heating. The warm western Pacific as well as the tropical Africa and South
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America are regions of rising motion of air in the summer, when the solar radi-
ation is maximum. This pattern is also enhanced by the latent heat released by
strong thunderstorm activity associated with heavy rainfalls. Lofted air preferen-
tially sinks in eastern Pacific and Atlantic, and western Indian Ocean. Figure 1.3
depicts the rising and sinking motion of the Walker circulation over the southern
tropics in summer.
Figure 1.3: Schematic representation of the Walker circulation patterns in the
southern hemisphere in summer. Credit: COMET Program of the UCAR (http:
//meted.ucar.edu/).
In contrast to the troposphere, a global circulation in which tropospheric air
enters the stratosphere in the tropics and moves upward and poleward before de-
scending in middle and high latitudes was brought to light by Dobson et al. (1929)
and Brewer (1949). The term ‘Brewer-Dobson circulation’ is used for the first
time by Newel (1963) to define this circulation. This circulation features a per-
sistent poleward mass flow in the middle and upper winter stratosphere driven by
an extratropical Rossby wave pump (Plumb, 2002). The pumping results from
a non-local effect of the wave drag, which originates from the dispersion of up-
ward propagating waves from the troposphere. The planetary-scale Rossby wave
westward drag has a pumping action that drives the air poleward to conserve the
angular momentum. This wave driven mechanism pulls up the air from the tropics
and pushes it down at higher latitudes. The Brewer-Dobson circulation extends up
to the mesosphere where the mass transport is from the summer to the winter pole.
The mesospheric wave pumping results from buoyancy and gravity waves causing
an eastward drag/equatorward pumping in summer and westward drag/poleward
pumping in the winter hemisphere. A comprehensive review of the Brewer-Dobson
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circulation was recently conducted by Butchart (2014). Figure 1.4 schematically
illustrates the Brewer-Dobson circulation.
Figure 1.4: Schematic representation of the meridional Brewer-Dobson circulation
in the stratosphere and mesosphere. Credit: COMET Program of the UCAR
(http://meted.ucar.edu/) and WMO (1985).
1.3 Moisture in the atmosphere
Water vapor not only affects the atmosphere circulation through the release of
latent heat, the cloud formation, and the global distribution of precipitation, but
it is also the predominant natural greenhouse gas in the atmosphere. Both obser-
vations and models show an increase of tropospheric H2O with the rise of global
temperature (Soden et al., 2005; Dessler, 2013) that results in further warming
as H2O feedback was shown to double the warming caused by CO2 alone (Hall
and Manabe, 1999; Held and Soden, 2000). In the stratosphere, H2O exerts an
influence on both the Earth’s energy budget by absorbing solar down-welling and
planetary up-welling radiations, and on the ozone chemistry as one of the main
sources of hydroxyl radical (OH), thus having a significant feedback contributing
to climate changes (Solomon et al., 2010; Dessler et al., 2013). To understand
these mechanisms, some key water fundamentals are reviewed below.
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1.3.1 Saturation and phase changes
The saturation vapor pressure is the limit beyond which atmospheric H2O con-
denses (or deposits) to form droplets (or ice crystals). Thus, it indicates how much
water vapor can be held in the atmosphere. The partial pressure of H2O, referred
as water pressure (e) controls the rate at which H2O condenses or deposits and is
defined by the perfect gas law:
e = ρνRνT (1.1)
where ρν is the H2O mass per unit volume, Rν the gas constant for water, and
T the temperature. When this rate is in balance with the rate of evaporation or
sublimation, then the pressure is said to be saturated and the saturated vapor
pressure (es) follows the Clausius-Clapeyron equation:
des
dT
= esL
RνT
(1.2)
where L is the latent heat of vaporization or sublimation. Assuming a constant L,
eq. 1.2 can be integrated as follows:
es = A exp(
−L
RνT
) (1.3)
with A an integration constant (Sherwood et al., 2010; Koutsoyiannis et al., 2012).
Note that the relative humidity can be expressed as the simple ratio e/es.
Figure 1.5: Representation of the exponential rise of saturation vapor pressure
with the rise of temperature. Credit: Julander, University of Utah (http://www.
civil.utah.edu/˜cv5450/atmosphere/atmos.html)
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The saturation vapor pressure is thus an exponential function of the tempera-
ture (see Fig. 1.5), meaning that warmer air can hold more moisture. As temper-
ature decreases with altitude in the troposphere, so does es. It results that most
of H2O is found in the lower end of the troposphere and in the equatorial region,
as shown on Fig. 1.6. The moisture of an air parcel in supersaturation condi-
tion will condense to remove the excess of water vapor and return to equilibrium,
i.e. the saturation level. Conversely, droplets (or ice crystals) in sub-saturated air
will evaporate (or sublimate) to reach the saturation. Over liquid, supersatura-
tion reaches at most 1-2 % because the nuclei that serve as basis for the vapor
to condensate (mostly inorganic salts) are abundant in the troposphere. At low
temperature, freezing results from homogeneous and heterogeneous nucleation. In
homogeneous nucleation, liquid droplets spontaneously freeze, but it requires tem-
perature down to -35◦C. Ice nuclei able to initiate ice in heterogeneous nucleation
also exist but, insoluble and hexagonal shaped, are rare in the atmosphere (Har-
rison, 2000; Pruppacher and Klett, 2010). It results that supersaturation over ice
commonly rises to 10-30 %.
Figure 1.6: Tropospheric H2O mass mixing ratio (g kg−1 dry air) from 89.5◦S to
89.5◦N averaged over all longitudes in 2012, from AIRS global monthly level-3
products produced with the Giovanni online data system.
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1.3.2 Tropospheric water vapor
The main sources of tropospheric H2O are the evaporation from ocean, which is
estimated to 425× 103 km3 yr−1, and the continental evapotranspiration account-
ing for 71× 103 km3 yr−1 (Delmas et al., 2005). Additional H2O also originates
from anthropogenic activities through irrigation, power plant cooling, and fos-
sil fuel combustion (the combustion of methane for example: CH4 + 2 O2 −−→
CO2 + 2 H2O + energy). Nonetheless, these anthropogenic emissions represent
less than 1 % of the total sources and have a negligible impact on the H2O bud-
get (IPCC, 2007). Also, H2O does not accumulate in the troposphere like other
greenhouse gases, but condenses and precipitates within about 10 days. For this
reasons, tropospheric H2O is not considered as a forcing of climate change, but
rather a feedback agent. As seen in the previous section, the atmospheric moisture,
and thus its feedback, depend on temperature. Hence, observations show that the
3.5 % rise of tropospheric H2O since the 1970s is consistent with the 0.5◦C global
warming over the same period (IPCC, 2013). The resulting feedback, expressed
as the rate of energy transferred per unit of surface and per unit of temperature,
is 1.98±0.21 W m−2 K−1 (Held and Shell, 2012).
1.3.3 Stratospheric water vapor
In the stratosphere, H2O also affects the temperature as it participates to the
warming of the troposphere and the cooling of the stratosphere (Solomon, 2010).
Furthermore, as one of the main source of hydroxyl radical through photodis-
sociation (H2O + hν −−→ H + OH) and reactions with excited oxygen atoms
(H2O + O(1D) −−→ 2 OH), water vapor participates to the stratospheric ozone de-
pletion (Stenke and Grewe, 2005). Zonldo et al. (2000) also underlined the key role
of stratospheric H2O in the formation of Polar Stratospheric Clouds (PSCs) which
lead to the activation of the ozone-destroying form of chlorine. H2O in the strato-
sphere has two distinct sources. The first and main source has a dynamical nature
as H2O is transported from the troposphere, where it is found in abundance, to the
stratosphere. We can differentiate: i) a slow large-scale transport characterized
by the radiative lofting of moisture-rich air parcels that are strongly dehydrated
before to enter the stratosphere when they cross the very cold tropopause region,
and ii) a fast local transport characterized by the convective injection of water
(mainly ice crystals) directly into the lower stratosphere. Stratospheric entry is
estimated to be on average ∼3 ppmv. Troposphere-to-stratosphere transport pro-
cesses and their implication for the water vapor budget are further discussed in
the next chapter. The second source of H2O in the stratosphere is the oxidation of
methane by the hydroxyl radical (CH4 + OH −−→ CH3 + H2O). Oxidation of the
formaldehyde (HCHO), a byproduct of the reaction between CH4 and O(1D), also
29
results in production of H2O but preferentially happens in the upper stratosphere
(Le Texier, 1988).
Natural sources of CH4 are the release from geological deposits and natural
gas resulting from anaerobic reaction in wetland. Anthropogenic emissions have
however become increasingly important since the industrial era and now account
for more than half of the total emissions. The CH4 concentration in the atmosphere
is 2.5 time higher today than at the beginning of the XIXth century (IPCC, 2013).
This is due to the increase of livestock farming, expansion of rice paddy cultivation,
fermentation of organic waste in landfill, and fossil fuel extraction and combustion.
Nonetheless, rise in CH4 concentration can only account for one third of the recent
(1980-2010) increase of stratospheric H2O (27±6 %) (Rohs et al., 2006; Hurst et
al., 2011). Changes in tropical tropopause temperature controlling the H2O entry
into the stratosphere also drive its variability but the lack of long-term datasets
makes interpretations difficult. Hegglin et al. (2014) recently proposed an approach
to merge multiple satellite datasets, which resulted in a stratospheric H2O record
extending back to 1988. Nonetheless, the contribution of mechanisms driving the
variability and distribution of H2O in the stratosphere is still debated and poorly
represented in global models, although stratospheric H2O was shown to have a
significant climate feedback (potentially up to 0.3 W m−2 K−1 according to Dessler
et al. (2013)).
1.4 Carbon in the atmosphere
The Earth is composed of several carbon reservoirs that communicate through flux
exchanges at different time scales. The time scale for the exchanges of carbon con-
tained in the atmosphere, the oceans, the biosphere, soils and freshwater ranges
from the year to the millennium. Although it can seem long periods, these ex-
changes are considered fast with respect to those occurring in geological reservoir
like rocks and sediments (the most abundant reservoirs of carbon, see Fig. 1.7),
which require time scales greater than 10000 years to interact with the other reser-
voirs through processes such as volcanism or chemical weathering and erosion.
Focusing on the atmosphere, the dominant carbonic compounds are carbon
dioxide (CO2), with a mass estimated to 828 Petagrams of Carbon (PgC), methane
(CH4), with 3.7 PgC and carbon monoxide (CO), with 0.2 PgC (Joos et al, 2013;
IPCC, 2013). Carbon is also found in small quantity in hydrocarbons, black car-
bons, and volatile organic compounds (VOCs).
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1.4.1 Atmospheric carbon monoxide
In the following sections, we will emphasis the CO characteristics as it is an im-
portant atmospheric pollutant impacting air quality and climate change.
Sources and sinks
CO is both emitted at the surface and produced in the atmosphere, but because of
its short lifetime of about 2 months, it is not a well-mixed trace gas. Its abundance
presents large gradients (horizontal and vertical) with mixing ratios of a few tens
of part per billion in volume (ppbv) far from its sources like in remote southern
ocean, to more than 1 part per million in volume (ppmv) in highly polluted areas
(Novelli, 1998).
Figure 1.7: Schematic representation of the carbon reservoirs and fluxes driving
the carbon cycle. Reservoirs and their carbon mass (in gigaton of carbon) are
shown in white. Arrows represent the fluxes between reservoirs. The exchange
processes and flow rate are shown in yellow (in gigaton per year). In red is rep-
resented the anthropogenic add up on natural cycle. Credit: Office of Biological
and Environmental Research of the U.S. Department of Energy Office of Science.
At the surface, CO is mainly released from the incomplete combustion of
biomass, biofuel, and fossil fuel. An example is the incomplete combustion of
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CH4 that occurs when the supply of oxygen is poor and produces carbon monox-
ide instead of carbon dioxide as shown below:
CH4 + 2 O2 −−→ CO2 + 2 H2O (complete)
2 CH4 + 3 O2 −−→ 2 CO + 4H2O (incomplete)
Incomplete combustion represents about 1640±800 Teragrams of carbon monoxide
(TgCO) per year according to Delmas et al. (2005). Emissions from oceans and
biosphere also add a small contribution to the total amount (192±130 TgCO yr−1).
In the troposphere, CO results from the oxidation of VOCs and hydrocarbons
by the radical OH. Although the oxidation of isoprene (C5H8) has a significant con-
tribution to CO production with ∼330 TgCO yr−1, the main atmospheric source is
the oxidation of CH4, which represents ∼690 TgCO yr−1 (Pfister et al., 2008). The
oxidation of CH4 is described below:
First, CH4 reacts with OH to form methyl radical (CH3).
CH4 + OH −−→ CH3 + H2O (1.4)
A sequence of reactions involving CH3 and the by-products methyl peroxide (CH3O2),
methyl hydroperoxy (CH3OOH), and methyl oxide (CH3O) results in the produc-
tion of formaldehyde (HCHO).
CH3 + O2 + M −−→ CH3O2 + M (1.5)
CH3O2 + NO −−→ CH3O + NO2 (1.6)
CH3O2 + HO2 −−→ CH3OOH + O2 (1.7)
CH3OOH + hν −−→ CH3O + OH (1.8)
CH3O + O2 −−→ HCHO + HO2 (1.9)
Finally, HCHO can form CO by photodissociation or through its photodissociation
or oxidation in an aldehyde compound (HCO).
HCHO + hν −−→ CO + H2 (1.10)
HCHO + OH −−→ HCO + H2O (1.11)
HCHO + hν −−→ HCO + H (1.12)
HCO + O2 −−→ CO + HO2 (1.13)
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Along with these reactions, the main atmospheric sink of CO is its own oxida-
tion by the OH radical, which represents a removal of about 2000±750 TgCO yr−1
(Delmas et al., 2005).
CO + OH −−→ CO2 + H (1.14)
This reaction also represents consequently a sink for OH. The CO oxidation is
not constant throughout the year and presents a seasonal variability linked to
the abundance of OH radical in the atmosphere. In the summer hemisphere, the
photodissociation of O3 produces excited oxygen atoms which can react with water
molecules to form OH radical.
O3 + hν −−→ O(1D) + O2 (1.15)
O(1D) + H2O −−→ 2 OH (1.16)
The increase of OH results in a larger removal of CO and then, in its lower abun-
dance in summer.
The interaction of CO with OH also perturbs the oxidation of other trace gases.
Taking the example of O3 (vital in the stratosphere to stop the UV radiation, but
a health threatening pollutant in the troposphere), the oxidation of CO can either
favor the depletion of O3 or on the contrary participate to its production. This
depends on the atmospheric abundance of nitric oxide (NO) and nitrogen dioxide
(NO2), referred as NOx, in the region where CO is emitted or transported. The
oxidation of CO participates to the reduction of O3 when NOx are not abundant
and do not participate to the reaction.
CO + OH −−→ CO2 + H (1.17)
H + O2 + M −−→ HO2 + M (1.18)
HO2 + O3 −−→ OH + 2 O2 (1.19)
So that the net reaction is:
CO + O3 −−→ CO2 + O2 (1.20)
However, if the region is rich in NOx, then HO2 catalyzes the reaction to form O3
as follows:
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CO + OH −−→ CO2 + H (1.21)
H + O2 + M −−→ HO2 + M (1.22)
HO2 + NO −−→ NO2 + OH (1.23)
NO2 + hν −−→ NO + O (1.24)
O + O2 + M −−→ O3 + M (1.25)
So that the net reaction is:
CO + 2O2 −−→ O3 + CO2 (1.26)
In summary, according to Thomas and Devasthales (2014), an increase in CO
content in the atmosphere would not only add more CO2 as seen in reactions 1.20
and 1.26, but because CO is a sink of OH radical, it would also indirectly increase
the levels of O3 and CH4, then subject to a lesser removal from the OH radical.
1.4.2 Impact of CO on climate
According to the last IPCC report (2013), the radiative forcing resulting from
the CO atmospheric drivers (CO2, CH4, and O3) is 0.23±0.07 W m−2 or about
10 % of the total anthropogenic radiative forcing relative to 1750 estimated to
2.29±1.04 W m−2. Although less than the direct forcing caused by CO2 (1.68±0.35 W m−2)
and CH4 (0.97±0.23 W m−2), CO has (indirectly) the third largest impact among
the trace gases on the atmospheric radiative balance.
Nonetheless, several studies (Yurganov et al., 2010; Fortems-Cheiney et al.,
2011; Worden et al., 2013; Warner et al., 2013; He et al., 2013), based on satel-
lite observations, highlighted a global decrease in tropospheric CO over the last
decade. More specifically, Worden et al. (2013) analyzed the trend of CO (total
column) in the datasets of four instruments: the Measurement of Pollutants in
the Troposphere (MOPITT), the Atmospheric InfraRed Sounder (AIRS), the Tro-
pospheric Emission Spectrometer (TES), and the Infrared Atmospheric Sounding
Interferometer (IASI). They showed that CO decreased over the last decade in both
hemispheres, although to a greater rate in the northern hemisphere (∼1 % yr−1).
The decreasing trends are even more accentuated over highly populated regions
such as China (-1.6 % yr−1), Europe (-1.4 % yr−1), or USA (-1.4 % yr−1). The de-
creasing trend in CO agrees with the finding presented in this dissertation and will
be further discussed, along with the tropospheric CO variability, in chapter 4.
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Chapter 2
Water vapor monitoring in the
tropical tropopause layer from
space-borne observations
2.1 General introduction
Tropospheric water vapor accounts for more than half of the Earth greenhouse
effect and is now recognized as a critical component of climate change. Predicted
by global climate models, this strong water vapor feedback has been confirmed
after a decade of AIRS tropospheric H2O observations. Anthropogenic emissions
of greenhouse gases lead to a rise in temperature. A warmer atmosphere can
absorb more H2O and more H2O results in further warming. It is a spiraling cycle.
In the stratosphere, H2O undergoes chemical reactions that contribute to the
ozone depletion. Furthermore, recent evidence has been reported that strato-
spheric H2O also has a significant climatic feedback. However, unlike in the tropo-
sphere, the mechanisms at the origin of the stratospheric H2O variability are still
poorly understood and highly debated. With the CH4 oxidation, the transport
from the troposphere (primarily occurring in the tropics) is the principal source of
stratospheric H2O. Slow radiative ascent and fast convective lofting are the compet-
ing mechanisms of the troposphere-to-stratosphere transport. Although the slow
advection is known to dehydrate the air parcels entering the stratosphere, convec-
tive uplift can either result in hydration or dehydration of the tropical tropopause
layer and the lowermost stratosphere.
The TRO-pico project, named after the Pico-SDLA hygrometer, is a French
National Research Agency (ANR) funded field experiment aiming to study the
contribution of deep tropical convection to the H2O abundance in the TTL and
LS. With two field campaigns in southern Brazil and multiple instrumental ob-
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servations coupled with model simulations, the project is expected to deliver a
comprehensive analysis of local scale H2O variability. It will be further detailed in
chapter 3.
In this chapter, I present a study that I led on the implication of daytime and
night-time difference of the Microwave Limb Sounder (MLS) H2O, cloud Ice Water
Content (IWC), and temperature measurements in the tropical tropopause layer
(TTL). I analyzed 8 years of MLS observations in the tropical band (25◦N-25◦S)
and over restricted areas of north and south tropical South America, Africa, mar-
itime continent and western Pacific to emphasize the different convective charac-
teristics over land versus ocean. To better focus on the seasonal cycle of convection,
semi-annual and inter-annual variability were removed by filtering their contribu-
tion in the signal. We investigated several hypotheses on the possible nature of
dynamical and physical processes driving the observed variability. The analysis
of the most convective days shows an impact of the continental convection in the
TTL, not observed in oceanic areas. Anomalies of H2O, IWC and temperature
calculated for daytime and night-time separately reveal the hydrating nature of
this process. This study offers a climatological baseline to help interpret results
from TRO-pico with respect to larger scales as well as future research related to
the tropical convection and its impact on H2O.
This chapter is based on “Carminati, F., Ricaud, P., Pommereau, J.-P., Rivie`re,
E., Khaykin, S., Attie´, J.-L., and Warner, J.: Impact of tropical land convection on
the water vapour budget in the tropical tropopause layer, Atmos. Chem. Phys., 14,
6195-6211, doi:10.5194/acp-14-6195-2014, 2014 ” (http://www.atmos-chem-phys.
net/14/6195/2014/acp-14-6195-2014.html). Text, figures and tables are iden-
tical to the original article, however the page setup was modified in order to ease
the reading. References are in the ‘Bibliography’.
2.2 Article 1 - Impact of tropical land convection
on the water vapour budget in the tropical
tropopause layer
Abstract
The tropical deep overshooting convection is known to be most intense above conti-
nental areas such as South America, Africa, and the maritime continent. However,
its impact on the tropical tropopause layer (TTL) at global scale remains debated.
In our analysis, we use the 8-year Microwave Limb Sounder (MLS) water vapour
(H2O), cloud ice-water content (IWC), and temperature data sets from 2005 to
date, to highlight the interplays between these parameters and their role in the
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water vapour variability in the TTL, and separately in the northern and south-
ern tropics. In the tropical upper troposphere (177 hPa), continents, including the
maritime continent, present the night-time (01:30 local time, LT) peak in the water
vapour mixing ratio characteristic of the H2O diurnal cycle above tropical land.
The western Pacific region, governed by the tropical oceanic diurnal cycle, has a
daytime maximum (13:30 LT). In the TTL (100 hPa) and tropical lower strato-
sphere (56 hPa), South America and Africa differ from the maritime continent and
western Pacific displaying a daytime maximum of H2O. In addition, the relative
amplitude between day and night is found to be systematically higher by 5–10 % in
the southern tropical upper troposphere and 1–3 % in the TTL than in the north-
ern tropics during their respective summer, indicative of a larger impact of the
convection on H2O in the southern tropics. Using a regional-scale approach, we
investigate how mechanisms linked to the H2O variability differ in function of the
geography. In summary, the MLS water vapour and cloud ice-water observations
demonstrate a clear contribution to the TTL moistening by ice crystals overshoot-
ing over tropical land regions. The process is found to be much more effective in
the southern tropics. Deep convection is responsible for the diurnal temperature
variability in the same geographical areas in the lowermost stratosphere, which in
turn drives the variability of H2O.
2.2.1 Introduction
The tropical tropopause layer (TTL), the transition layer sharing upper tropo-
spheric (UT) and lower stratospheric (LS) characteristics, is the gateway for tro-
posphere to stratosphere transport (TST), and plays a key role in the global com-
position and circulation of the stratosphere (Holton et al., 1995; Fueglistaler et
al., 2009). TST processes responsible for the upward motion of air masses impact-
ing on the water budget are (1) the slow ascent (300 m month−1) due to radiative
heating associated with horizontal advection, known as “cold trap” (Holton and
Gettelman, 2001; Gettelman et al., 2002; Fueglistaler et al., 2004), (2) fast over-
shooting updraughts followed by detrainment referred to as “freeze and dry” pro-
cess (Brewer, 1949; Sherwood and Dessler, 2000, 2001, 2003; Dessler, 2002), and
(3) the fast and direct injection by “geyser-like” overshoots (Knollenberg et al.,
1993; Corti et al., 2008; Khaykin et al., 2009) that can penetrate into the LS. The
long-known convective area in the western Pacific, referred to as “stratospheric
fountain” (Newell and Gould-Stewart, 1981), has been the focus of numerous field
campaigns. However, studies in the early 2000s pointed out that most vigorous
convections occur over continental tropical areas where overshooting precipitation
features (OPFs) are more frequent (Alcala and Dessler, 2002; Liu and Zipser,
2005). These convective activities show a marked diurnal cycle with a pronounced
late afternoon maximum (Liu and Zipser, 2005) in contrast to oceanic regions
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of little diurnal variation. Evidence of TTL-penetrating overshooting continental
convection and its impact on trace gases, aerosols, water vapour, ice particles,
chemical composition, and transport mechanisms were gathered during the Hibis-
cus, Stratospheric-Climate Links with Emphasis on the Upper Troposphere and
Lower Stratosphere – Ozone (SCOUT-O3), SCOUT – African Monsoon and Mul-
tidisciplinary Analyses (AMMA) and Tropical Convection, Cirrus, and Nitrogen
Oxides Experiment (TROCCINOX) field campaigns in South America, western
Africa and Australia between 2001 and 2006 (Corti et al., 2008; Schiller et al.,
2009; Cairo et al., 2010; Pommereau et al., 2011). A significant contribution of
continental convection to the chemical composition of the LS has been reported
by Ricaud et al. (2007, 2009) from Odin-SMR (sub-millimetre radiometer) satel-
lite observations. They showed a higher mixing ratio of tropospheric trace gases
(N2O and CH4) in the TTL during the southern summer. The results of Ricaud
et al. (2007, 2009) are consistent with the cleansing of the aerosols in the LS seen
by Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
during the same season (Vernier et al., 2011).
The present study addresses one of the most debated aspects of the TTL and
the LS, the budget of water vapour (H2O), and aspires to be a baseline for fur-
ther studies related to the TRO-pico project (www.univ-reims.fr/TRO-pico).
TRO-pico aims to monitor H2O variations in the TTL and the LS linked to deep
overshooting convection during field campaigns, which took place in the austral
summer in Bauru, Sao Paulo state, Brazil, involving a combination of balloon-
borne, ground-based and spaceborne observations and modelling.
Being the most powerful greenhouse gas and playing an important role in the
UT, TTL and LS chemistry as one of the main sources of OH radicals, H2O is
a key parameter in the radiative balance and chemistry of the stratosphere and
its variation can affect climate (Solomon et al., 2010). The mean tropical (20◦ N–
20◦ S) H2O mixing ratio is estimated to be between 3.5 and 4 ppmv (parts per
million by volume) in the TTL at 100 hPa (Russell III et al., 1993; Weinstock
et al., 1995; Read et al., 2004; Fueglistaler et al., 2009). In agreement with this
mean mixing ratio, Liang et al. (2011) estimated a mean H2O stratospheric entry
of 3.9± 0.3 ppmv at 100 hPa in the tropics.
The moistening of the lower stratosphere by convective overshooting is a well
demonstrated process, nonetheless, its contribution at global scale is still debated.
For example, in 2006, the SCOUT-AMMA campaign in western Africa revealed
a 1–3 ppmv (with a 7 ppmv peak) moistening of the 100–80 hPa layer (Khaykin
et al., 2009). Although this process is well captured in cloud-resolving models
(Chaboureau et al., 2007; Jensen et al., 2007; Grosvenor et al., 2007; Chemel et
al., 2009; Liu et al., 2010; Hassim and Lane, 2010), global-scale models do not
yet integrate this sub-grid-scale non-hydrostatic process, which may result in an
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underestimation of the impact of overshoots at large scale. During the period 1980–
2010, the lower stratospheric H2O has increased by an average of 1.0± 0.2 ppmv
(27± 6 %) with significant short-term variations (Oltmans et al., 2000; Rosenlof et
al., 2001; Hurst et al., 2011 and references herein). Thus, better knowledge of the
hydration–dehydration processes in the TTL and the LS is fundamental to under-
stand the long-term evolution of stratospheric H2O and its possible connection to
the negative trend of temperature in the LS (WMO, 2007).
In 2009, Liu and Zipser (2009) investigated the implications of day (13:30 local
time, LT) vs. night (01:30 LT) differences of both H2O and carbon monoxide
(CO) in the TTL using 4-year Microwave Limb Sounder (MLS) version 2.2 data
sets. Their analysis showed diurnal H2O and CO variations in the UT consistent
with that of vertical transport by deep convection. Larger water vapour and CO
mixing ratios were found at night than during the day, because of the convective
uplift in the afternoon and the early evening. Both mixing ratios are observed
to decrease with the weakening of convection and the horizontal mixing, resulting
in a minimum around local noon. Day vs. night variations were also observed
at higher levels in the TTL. However, while the CO mixing ratio remained the
largest at night, that of H2O was found to be the largest during the day. Since
H2O and CO are lofted simultaneously, Liu and Zipser (2009) hypothesized that
H2O was transformed into ice. H2O variability in the TTL was then associated to
the diurnal cycle of temperature, itself linked to the diurnal cycle of the cooling
resulting from convective lofting of adiabatically cooled air.
Our analyses adopt the Liu and Zipser (2009) philosophy to discuss the differ-
ence between daytime and night-time data sets with the aim of better apprehending
the role of continental convection on hydrating and dehydrating processes in the
TTL. Our work, however, is based on twice-longer data sets, spanning over 8 years,
from 2005 to 2012, and on an improved version (v3.3, see Sect. 2.1 Methodology)
of MLS H2O, cloud ice-water content (IWC) and temperature. Moreover, we sepa-
rate the northern and southern tropics during their respective summer convective
seasons: (i) June, July and August, hereafter JJA and (ii) December, January and
February, hereafter DJF, respectively, rather than studying the full inter-tropical
belt mixing all seasons. Owing to this distinction, we are able to separately match
H2O and IWC variations in the northern and southern tropics, both in DJF and
JJA. We also focus on restricted areas of the northern tropical and the south-
ern tropical South America, Africa, the maritime continent (where the convection
was shown to be most intense by Liu and Zipser, 2005), and western Pacific (see
Fig. 2.2). This regional-scale approach emphasizes the effects of convection over
land (South America and Africa), continental–oceanic regions (maritime conti-
nent), and ocean (western Pacific) on H2O, IWC and temperature, and provides
analyses to the differences relative to hydrating and dehydrating processes.
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The paper is organized as follows. Section 2 investigates how convective systems
impact H2O and IWC day vs. night variability in the UT, TTL, and LS in different
seasons, and the role of temperature. Eight regional scale areas (northern and
southern tropical South America, Africa, the maritime continent, and western
Pacific) are compared in terms of hydration or dehydration and H2O variability
from the UT to the LS in Sect. 3. Uncertainties and relationships between H2O,
IWC and temperature are discussed in Sect. 4. Conclusions in Sect. 5 finalize the
paper.
2.2.2 Diurnal water vapour, cloud ice-water content, and
temperature variability
(Figure 3). Similar afternoon maxima are found over South
America and Africa independently. Over ocean, the diurnal
cycle is weak and more nocturnal OPFs were found. The
overshoot population has a similar diurnal cycle pattern as
that of tropical convection described in the literature [Soden,
2000; Nesbitt and Zipser, 2003]. Even with big variations in
the populations (Table 1), the same diurnal cycle pattern is
found for the OPFs identified with different reference
heights.
3.3. Size and Overshooting Area Percentage of OPFs
[21] Since overshooting convection may play an impor-
tant role on the troposphere-stratosphere mass exchange,
information of overshooting area and size of OPFs is
tabulated. The joint histogram of overshooting area and
horizontal size is generated in Figure 4. From Table 1, only
0.19% of the cloudy area is found above the tropical
tropopause. However, this does not mean that every con-
vective system has a small overshooting area. As shown in
Figure 4, there are PFs with overshooting area above the
tropopause up to 5000 km2. Most land OPFs penetrating
Ztrop have horizontal size about !1000 km2 and !20%
overshooting area. Most oceanic OPFs with tops higher than
Ztrop have a relatively larger size and smaller overshooting
area than those over land. This leads to the larger over-
shooting area percentage for land OPFs. The OPFs with
extremely high overshooting area percentage, for example,
with >40% (cross marks on Figure 2), were only found over
Africa, South America during all seasons and over Darwin
during southern summer. On the other hand, there are many
oceanic OPFs with huge size (>105 km2, diamonds on
Figure 2) found over the west Pacific, which rarely hap-
pened over land. A similar pattern was found for OPFs from
other reference heights and is not shown here.
3.4. Convective Intensity Proxies of OPFs
[22] To have an overshooting top reach higher heights, we
expect the convection to be stronger. With larger overshoot-
ing distance, OPFs have lower minimum 85 GHz PCT and
more flash counts (Figure 5). Most OPFs with 2 km
overshooting distance have more than 100 flash counts
and less than 150 K m 85 GHz PCT. As listed in
Table 2, when we use a higher reference height, the
population of OPFs decreases, but the intensity of OPFs
increase, with higher maximum heights of 20 dBZ (Z20dBZ)
and 40 dBZ (Z40dBZ), lower minimum PCT at 37 GHz and
85 GHz, and higher flash counts. These proxies also suggest
that overshooting convection over land is more intense than
over ocean, with higher reflectivity, stronger ice scattering
signature in microwave frequencies, and more flashes. For
the OPFs reaching 14 km, there are twice the number of
OPFs having flashes over land than those having flashes
over ocean. Compared to the existing definition of MCSs by
using the TRMM PR and TMI measurements [Nesbitt et al.,
2000], the OPFs are more intense with smaller size. They
Figure 3. Diurnal variation of population of 20!N–20!S OPFs identified with five reference heights
over land (solid) and ocean (shaded).
Figure 4. Joint histogram of area and overshooting area of
OPFs (20!N–20!S) with cloud top above Ztrop over land
(solid contours) and over ocean (shaded with dash
contours). The 10% (dot line), 20% (dash line) and 40%
(solid line) area percentage line are overlapped.
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Figure 2.1: Schematic representation adapted from Liu and Zipser (2005) of the
diurnal overshooting precipitation features (OPF) cycle in the UT above conti-
nent l areas (black solid lin ) an above ocea ic areas (grey solid li e) with the
expected diurnal H2O mixing ratio cycle above continental areas (red solid line)
and above ocea ic ar as (b ue solid line). reen dotted line s ow the MLS local
sampling time.
Liu and Zipser (2009) studied the water vapour of the UT (146 hPa) and the
TTL (100 hPa) in the inter-tropical belt (20◦ N–20◦ S) for the 2005–2008 period.
They found, on aver ge, in September–November and in March–May, strong evi-
dence of diurnal H2O variations over land attributed to the diurnal cycle of con-
vection intensity displaying its maximum in late afternoon followed by a morning
decrease (Liu and Zipser, 2005). The H2O lofted in the UT by convective systems
was shown rising until late night and then dropping to a minimum around local
noon when convection is the w akest. Figure 2.1 schematically summarises this
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interplay between the diurnal variations of convective systems and the H2O mixing
ratio in the UT. In the TTL, the largest amount of H2O was observed in the early
afternoon. This was attributed to the change from gas phase to ice phase when
H2O enters the TTL followed by the sublimation of ice crystals in the morning.
To explain this feature, Liu and Zipser (2009) suggested two hypotheses: (1) in
situ ice formation when deep convection generates gravity waves that lift and cool
the tropopause (Potter and Holton, 1995; Sherwood and Dessler, 2001) leading
to the dehydration of the TTL in the late afternoon, a process known as “freeze
and dry”; and (2) “ice geysers” that can directly inject ice crystals formed in the
adiabatically cooled core of the overshoot turrets potentially hydrating the TTL
after being sublimated (Corti et al., 2008; Khaykin et al., 2009). Both hypotheses
result in a cooling of the TTL, which is consistent with the results of Khaykin
et al. (2013). Following Liu and Zipser (2009), we investigate the diurnal H2O
variability in the tropics using an extended and improved MLS data set described
in the following section. In this study, the UT is defined by pressure greater than
121 hPa, the TTL in the pressure range from 121 to 68 hPa, and the LS at a
pressure lower than 68 hPa, corresponding to the MLS pressure levels. A more
qualitative definition of the TTL can be from several hectopascal below the level
of zero radiative heating (LZRH) (Folkins et al., 1999) to several hectopascal above
the cold-point temperature.
Methodology
In this study, we used the Level 2 (L2), version 3.3 (v3.3) water vapour mixing
ratio operational product from MLS aboard NASA’s Earth Observing System
(EOS) Aura platform. Aura is a sun-synchronous near-polar orbiter completing
233 revolution cycles every 16 days which results in a daily global coverage with
about 14 orbits, allowing samplings at 01:30 and 13:30 LT at the Equator (Barnes
et al., 2008). The MLS H2O version 2.2 (v2.2) products have been validated (Read
et al., 2007; Lambert et al., 2007), but the differences between v2.2 and v3.3 are
minor (< 10 %) in the tropics at the TTL pressure levels (Livesey et al., 2011). The
precision ranges from 40 % at 215 hPa to 6 % at 46 hPa, and the accuracy from
25 % at 215 hPa to 4 % at 46 hPa, for a vertical resolution of 2.5–3.2 km (Livesey
et al., 2011). Note that data screening, as suggested by Livesey et al. (2011), has
been applied.
The v3.3 IWC product is derived from MLS cloud-induced radiances as detailed
by Wu et al. (2006). The vertical resolution is ∼ 3 km, precision 1.2–0.07 mg m−3,
and accuracy of 100–150 % in the 215–82 hPa reliable pressure range (Livesey et al.,
2011). The v3.3 IWC only differs from v2.2 (Wu et al., 2008) by a 5–20 % negative
bias in the 215–100 hPa layer and a larger random noise. We use the screenings
suggested by Livesey et al. (2011), which are composed by a temperature profile
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filter (Schwartz et al., 2008), as well as the “2σ–3σ” screening method described
by Wu et al. (2008).
The v3.3 temperature, very similar to v2.2 described by Schwartz et al. (2008),
has a reliable pressure range from 261 to 0.001 hPa. In the layer of interest for
our study, from 215 to 31 hPa, the vertical resolution ranges from 5 to 3.6 km, the
precision from ±1 to ±0.6 K, and the accuracy is about ±2 K (Livesey et al., 2011).
An adequate screening has been also applied following Livesey et al. (2011).
Because our goal is to highlight the impact of the convection in the TTL, we
averaged the most convective summer months in each hemisphere: DJF in the
southern tropics and JJA in the northern tropics, over 8 years (2005–2012) in a
10◦× 10◦ horizontal grid from 25◦ N to 25◦ S and from 180◦ W to 180◦ E. A night-
time (daytime) data set has been produced for each period considering all data at
a solar zenith angle greater (smaller) than 90◦. The difference between daytime
and night-time data sets, hereafter referred as D-N, will be discussed in the next
section. Unlike Liu and Zipser (2009), we focus on the most convective season for
each hemisphere rather than the mean convective (non-convective) season March-
April-May (September-October-November) within 20◦ N–20◦ S. In addition we use
a twice-longer data set hence increasing the signal-to-noise ratio. Furthermore, the
v3.3 H2O retrievals have twice as many pressure layers (316, 261, 215, 177, 146,
121, 100, 82, 68, 56, 46, 38 and 31 hPa) than v2.2 in our domain of study and a
vertical resolution enhanced by up to 0.8 km.
Tropical water vapour
Figure 2.2 shows the per cent relative difference between the daytime (13:30 LT)
and night-time (01:30 LT) H2O mixing ratio measured by MLS at 177 (UT), 100
(TTL) and 56 hPa (LS) during the convective season of the southern tropics (DJF)
and that of the northern tropics (JJA). At 177 hPa in the UT in DJF, the southern
tropics show a night-time maximum above continental areas, i.e. South America
and Africa, up to 20 % larger at 01:30 LT than at 13:30 LT, and to a lesser extent
above the maritime continent (about −10 %). In contrast, the D-N in oceanic
regions and northern tropics is weak or insignificant. A similar picture is observed
in JJA, where more H2O is detected at 01:30 LT in the northern tropics, over South
America (up to 15 %) and Africa (up to 10 %), while the D-N drops to near 0 %
over oceans and in the southern tropics. Remarkably, the amplitude of the D-N is
5–10 % larger over southern tropical land than over northern tropical land during
their respective summer seasons.
At higher levels, i.e. 100 hPa in the TTL and 56 hPa in the LS, the picture is out
of phase with that of the UT, displaying the H2O daytime maxima over southern
tropical South America and southern tropical Africa in DJF and small diurnal
variation or night-time maxima elsewhere. In JJA, the H2O daytime maximum
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Figure 2.2: (Left, from top to bottom) Mean relative difference between the day-
time (13:30 LT) and night-time (01:30 LT) MLS H2O measurements for December,
January and February for 8 years (2005–2012) in the 25◦ N–25◦ S latitude band
at 56, 100 and 177 hPa. The 192 (black solid line) and 195 K (black dashed line)
temperature contours are represented at 100 hPa. (Right) Same as left but for
June, July and August. The eight black boxes at 56 hPa represent the eight areas
of study; namely, northern and southern tropical America, Africa, the maritime
continent and western Pacific.
over land is only seen at 56 hPa in the southern edge of the Tibetan anticyclone
in the Asian monsoon region and in Central America (another monsoon region),
although in absence of a strong night-time upper tropospheric moistening signal.
In summary, with the exception of the monsoon regions, a marked night-time
(daytime) water vapour increase is observed in the UT (TTL and LS) during
summer over continental areas where convection is the most intense, and with a
remarkably larger amplitude in the southern tropics than in the northern tropics.
In order to demonstrate that the observed features are not artefacts from the
retrieval properties, we examined the MLS averaging kernels (AKs) in the pressure
domain of interest. AKs at the Equator and at 70◦ N of each MLS product are
provided on the NASA Jet Propulsion Laboratory webpage (https://mls.jpl.
nasa.gov/data/ak/). Figure 2.3 shows the MLS H2O AKs at the Equator between
250 and 30 hPa. Dashed black lines represent the 177, 100, and 56 hPa levels. For
each level, we coloured the corresponding AK that peaks exactly at the pressure of
interest. The 177 hPa AK mostly covers the UT with a full-width at half-maximum
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Figure 2.3: MLS H2O averaging kernels from 250 to 30 hPa. Dashed lines represent
the 177, 100, and 56 hPa levels. The red, green and blue lines represent the
averaging kernels peaking at 177, 100 and 56 hPa, respectively.
(FWHM) from 230 to 125 hPa. The 100 hPa AK covers the TTL region from 125
to 80 hPa. Finally, the FWHM of the 56 hPa AK extends from 70 to 45 hPa in
the LS. Thus, each of the three highlighted AKs peaks and covers the layer of
interest (UT, TTL, and LS) with minor overlapping at half maximum. Thereby,
we can assume that the three layers are independent in the optimal estimation
theory since the three AKs cover the region 230–45 hPa with no overlapping at the
half-maximum level.
The MLS a priori is also analysed. MLS a priori is a combination of climatology
and operational meteorological data (Livesey and Snyder, 2004) so that to every
retrieved H2O profile corresponds an a priori profile. One year of H2O a priori,
from January to December 2012, was treated with the same methodology as H2O.
Figure 2.4 shows the per cent relative difference between daytime and night-time
MLS H2O a priori at 177, 100, and 56 hPa in DJF and JJA in the tropics. Globally,
the a priori D-N is well below 1 % at all levels. Nonetheless, the distribution is not
uniform. Localized areas can reach a D-N close to −2 %, as in southern Brazil at
100 hPa. Tropical lands (e.g. South America and Africa) have negative or nearly
null a priori D-N at all levels. This implies that the positive H2O D-N (Fig. 2.2)
measured in the TTL and LS is not an artefact generated by the a priori and its
amplitude may be underestimated. Conversely, in the UT, the negative H2O D-N
above continents in DJF and JJA is probably slightly overestimated by at most
2 %.
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Figure 2.4: Same as Fig. 2.2 but for the MLS H2O a priori in 2012.
Tropical ice-water cloud
Similar to Fig. 2.2, Fig. 2.5 shows IWC at 177 and 100 hPa. The black dashed
and solid lines represent the contours of the IWC occurrences (15 and 50 %, re-
spectively) over the 8-year period. At both levels in DJF, the IWC occurrence
frequency is the highest over southern tropical South America and Africa, as well
as the maritime continent and western Pacific. IWC also shows systematic daytime
maxima above continental areas and night-time maxima over oceanic regions that
are in phase with the known different diurnal cycle of convection over land and
ocean. Remarkably, the amplitude of the IWC diurnal cycle is larger at 100 hPa
than at 177 hPa. In JJA, the maximum occurrence frequencies are shifted to the
northern tropics, over Central America, central Africa, and the South-East Asian
monsoon regions. These observations are in agreement with previous studies char-
acterizing the distribution of cirrus clouds (Nazaryan et al., 2008; Sassen et al.,
2008). The regions of early afternoon maxima are restricted to Amazonia, central
Africa and southern Asia that are again over land convective areas, in contrast to
the oceanic cycle.
In summary, the MLS IWC shows a systematic positive D-N of maximum
amplitude in the TTL at 100 hPa in phase with the diurnal cycle of convective de-
velopment in the early afternoon over continents and early morning above oceans,
as shown in Fig. 2.1.
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Figure 2.5: Same as Fig. 2.2 but for IWC at 177 and 100 hPa. The solid black and
dashed black lines represent the IWC occurrences over the 2005–2012 period (50
and 15 %, respectively).
Role of the temperature
The MLS temperature at 100 hPa, averaged in the same way as H2O, is shown
in Fig. 2.2 (192 K solid lines and 195 K dashed lines). At this level, the tempera-
ture is lower in DJF over the equatorial South America and Africa, the maritime
continent, and western Pacific than in JJA, where less cooling is observed above
the most intense convective areas. Khaykin et al. (2013) estimated the diurnal
temperature cycle from the COSMIC (Constellation Observing System for Meteo-
rology, Ionosphere, and Climate) satellite’s GPS radio occultation measurements.
At the MLS sampling time, the temperature measured by the COSMIC had not
reached its maximal amplitude but did show its premises, with a ∼ 0.2 K cooling
(warming) at 13:30 LT (01:30 LT), in agreement both in sign and magnitude with
the temperature measured by MLS. At 100 hPa, the COSMIC diurnal tempera-
ture cycle is consistent with the positive continental signature of H2O D-N (see
Fig. 2.2) in contrast to oceanic areas where the D-N is insignificant. In JJA in
the northern tropics, they show that the late afternoon cooling is limited to cen-
tral Africa and does not appear elsewhere. The afternoon LS cooling over land is
consistent with the diurnal cycle of OPFs (Liu and Zipser, 2005) and radiosonde
observations near strong land convective systems reported in south-eastern Brazil
(Pommereau and Held, 2007; Pommereau, 2011), central Africa (Khaykin et al.,
2009; Cairo et al., 2010), Borneo Island (Johnson and Kriete, 1982), and northern
Australia (Danielsen, 1993). Danielsen (1982) suggested that such cooling results
from the overshooting of adiabatically cooled air across the tropopause. The larger
amplitude of the cooling over Amazonia and central Africa would imply a much
more intense convection over clean rainforest areas than the aerosol-rich northern
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continental troposphere. As proposed by Khaykin et al. (2013), the larger aerosol
concentration in the northern tropics might reduce the convective available poten-
tial energy (CAPE). This idea was first suggested by Rosenfeld et al. (2008), who
developed a conceptual model to address the question of the relationship between
aerosols, cloud microphysics, and radiative properties. Their results show that at
moderate cloud condensation nuclei (CCN) aerosol concentration, the CAPE is
enhanced until a maximum is reached to a concentration of ∼ 1200 cm−3. Beyond
this limit, a larger CCN concentration has the opposite impact, preventing rain-
out in tropical clouds and inhibiting convection. To our knowledge, no published
study assesses this hypothesis. Nonetheless, it was demonstrated that carbon-
based solar-absorbing aerosols with large optical thickness (such as soot) warm
the planetary boundary layer, making it more stable and inhibiting the develop-
ment of convective clouds (Ackerman et al., 2000; Koren et al., 2004).
2.2.3 Water vapour seasonal variations over land areas
If diurnal H2O, IWC and temperature cycles over land are of convective origin,
they should present systematic seasonal cycles and, moreover, differences between
them. The H2O seasonal cycles are investigated in the following sections.
Methodology
Eight boxes of 10◦latitude× 20◦longitude have been created over southern tropical
South America (0–10◦ S, 55–75◦ W), Africa (0–10◦ S, 15–35◦ E), the maritime con-
tinent (0–10◦ S, 110–130◦ E), the western Pacific (0–10◦ S, 150–170◦ E), and over
northern tropical South America (0–10◦ N, 55–75◦ W), Africa (0–10◦ N, 15–35◦ E),
the maritime continent (0–10◦ N, 110–130◦ E), and western Pacific (0–10◦ N, 150–
170◦ E) (as represented in the upper-right panel of Fig. 2.2). Note that we will
refer hereafter to northern and southern tropics as the (0, 10◦ N) and (0, 10◦ S)
latitudes, respectively. The MLS H2O v3.3 data set has been averaged monthly
within each box from January 2005 to December 2012. In order to better focus on
seasonal cycles, the semi-annual oscillation (SAO) (Delisi and Dunkerton, 1988)
and the inter-annual variability, (such as that related to the quasi-biennial oscilla-
tion (QBO) or the El Nin˜o–Southern Oscillation (ENSO), Liang et al., 2011), have
been removed by filtering their contributions using a fast Fourier transform (FFT)
of 12± 2 months bandpass. Moreover, the monthly averaged D-N was calculated
as the difference between daytime and night-time data from the filtered data set.
Finally, anomalies are created from the difference between the filtered monthly
mean H2O content and the filtered 8-year mean at each pressure level.
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Water vapour in the southern tropics
Figure 2.6a and 2.6b show the filtered monthly-averaged MLS H2O mixing ratio
(ppmv), relative D-N (%) and relative anomaly (%) seasonal variations over south-
ern tropical land areas (South America and Africa), and southern tropical oceanic
areas (maritime continent and western Pacific), respectively. Note that, because
of the smaller water vapour mixing ratio in the stratosphere, the colour scale is
2.3–7.5 ppmv above 121 hPa and 4–150 ppmv below 121 hPa in the upper panels.
Similarly, we use ±5 % above 121 hPa and ±24 % below 121 hPa, respectively in
the middle panels.
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Figure 2.6a: (Left, from top to bottom) MLS 2005–2012 monthly-averaged filtered
H2O, relative filtered D-N and relative filtered anomaly time series from 220 to
30 hPa in southern tropical America. The white (top) and black (middle and
bottom) dashed (dotted) lines show the filtered temperature 195 K (190 K) contour.
Note the use of a different colour scale from 121 to 30 hPa compared to 220–121 hPa
for the top and middle figures. (Right) Same as left but for southern tropical
Africa.
The H2O mixing ratio seasonal cycles (upper panels in Fig. 2.6a, 2.6b) are in
phase in all four locations (summer October-April maxima in the UT and winter
June–October maxima in the TTL). However, the amplitude of the cycle is larger in
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the UT above the maritime continent and western Pacific (up to 146 ppmv instead
of ∼ 130 ppmv) and smaller in the TTL (down to 2.2 ppmv instead of ∼ 3.5 ppmv)
compared to South America and Africa. In all four areas, the H2O mixing ratio in
the TTL–LS decreases in the summer at lower temperature (195 K dashed lines,
190 K dotted). The driest hygropause is observed from January to April at about
82 hPa in all regions. In the LS, H2O is vertically transported in a slow ascent by
the Brewer–Dobson circulation (Mote et al., 1996). This mechanism, referred to as
“tape recorder”, causes the wet and dry air parcels to be progressively time-lagged
as they gain altitude.
The H2O D-N (middle panels in Fig. 2.6a, 2.6b) also shows systematic seasonal
modulations in the UT. Its amplitude and its sign however differ in function of
the region. The upper tropospheric negative D-N is of larger magnitude during
the summer and over the two continents (e.g. −24.8 % in South America) in
comparison to oceanic areas (e.g. −9.5 % in the maritime continent). In the TTL,
a positive summertime D-N (e.g. 5.6 % in South America) is observed over land
below the cold point. In contrast, the maritime continent and western Pacific TTL
show a year-long positive D-N (1–3 %) between 90 and 60 hPa at the cold-point
level.
Finally, the H2O anomaly of the 2005–2012 mean H2O mixing ratio (lower
panels) shows a decrease with height from up to ± 28 to 0 % in the UT, and a
local maximum in the TTL consistent with the seasonal cycle of the cold-point
temperature (±33 % amplitude in all areas).
Water vapour in the northern tropics
Figure 2.7a and 2.7b are similar to Fig. 2.6a and 2.6b but for northern tropical
South America and Africa, and northern tropical maritime continent and western
Pacific, respectively.
Although the H2O seasonal cycles in the UT (top panels in Fig. 2.7a, 2.7b)
are similar to those of the southern tropics, they display a summer maximum of
weaker amplitude (up to 29 ppmv in South America). The TTL and the LS are
also very similar with larger amplitude above South America and Africa compared
to the oceanic regions. However, the D-N features (middle panels in Fig. 2.7a,
2.7b) are significantly different above South America and Africa: a weaker night-
time maximum humidity is displayed in the UT (−17 % relative to −25 % in the
southern tropics), as well as a weaker daytime maximum in the TTL (1.5 % relative
to 4 % in the southern tropics). The only similar regions between the northern and
southern tropics are the maritime continent and western Pacific. The monthly
mean anomalies are similar to those of the southern tropics, although of lesser
amplitude in the UT (±8–18 % relative to ±18–28 % in the southern tropic).
The El Nin˜o and La Nin˜a events do not appear in Figs. 2.6a and 2.7a and b
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Figure 2.6b: Same as Fig. 2.6a but for the southern tropical maritime continent
(left) and the southern tropical western Pacific (right).
because the FFT filter removes inter-annual variations. However, by influencing
the tropical circulation, these events indirectly perturb the D-N and anomaly am-
plitudes. The ENSO events of 2006–2007 and 2009–2010 (Su and Jiang, 2013)
match both the upper tropospheric (TTL) strengthening (weakening) followed by
the weakening (reinforcing) of both D-N and anomaly amplitudes over southern
tropical South America and the maritime continent, as well as the opposite effect
above southern tropical Africa and the western Pacific. These perturbations are
accompanied by a 2–4 months shift in the D-Ns and anomalies in both hemispheres
from 2009.
The ENSO 2009–2010 was the strongest, displaying the warmest sea surface
temperatures in the Pacific since 1980, followed by a strong La Nin˜a event the
next summer (Lee and McPhaden, 2010; Kim et al., 2011). As shown by Su
and Jiang (2013), the ENSO 2006–2007 (an eastern Pacific event), resulted in
a weakening of the Walker circulation, while the stronger ENSO 2009–2010, (a
central Pacific event), resulted in an eastward displacement of the Walker cell
and a strengthening of the Hadley cell. The authors found a 5 % increase of
high cirrus clouds (at 100 hPa) in South America along with a 30 % drop above
the Pacific in 2009–2010. Amplitude changes in H2O D-N and anomalies in the
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Figure 2.7a: Same as Fig. 2.6a but for northern tropical America (left) and north-
ern tropical Africa (right).
southern tropics (Fig. 2.6a, 2.6b) are consistent with the Su and Jiang (2013)
observations during the El Nin˜o events, further underlying the convective origin
of water vapour variations in the TTL and in the stratosphere. In the northern
tropics (Fig. 2.7a, 2.7b), these modulations are approximately out of phase with
respect to the southern tropics; yet, they do not coincide as much as in the south to
the ENSO years, meaning that other perturbations probably affect the convection.
2.2.4 Discussion
In the previous sections, we presented the seasonal and D-N variations of H2O,
temperature, and IWC from the UT to the LS in the tropical band (25◦ N–25◦ S)
first, and then focused on specific locations of interest; namely, southern tropical
and northern tropical South America, Africa, the maritime continent, and western
Pacific. Below, we discuss the implications of these variations, in the light of our
observations and analyses, in terms of hydrating–dehydrating processes affecting
the H2O budget in the TTL and the LS.
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Figure 2.7b: Same as Fig. 2.6a but for the northern tropical maritime continent
(left) and the northern tropical western Pacific (right).
Uncertainties
We showed that H2O measurements at 177, 100, and 56 hPa were independent with
respect to each other, and that the a priori does not generate artificial positive
values in D-N above continents. Nonetheless, uncertainties in MLS H2O accuracy
and precision (7 and 10 %, respectively at 83 hPa) remain to be understood. In the
case of our study, it is important to understand the meaning of these uncertainties
and consider them separately. On the one hand, the accuracy1 that can be viewed
as a random error is considerably reduced in our study because, between 2005 and
2012, we average a large number of data (∼ 14 000 profiles in each 10◦× 10◦ grid bin
for the whole period). On the other hand, the precision, reflecting the systematic
error (including biases), is not reducible by averaging the data. However, when
the difference between two data sets with the same systematic error is calculated,
this systematic error is theoretically removed. Assuming that the daytime and the
night-time MLS precisions are similar, we can expect that the systematic error is
minimized in the D-N analyses. It is also important to acknowledge that values
of a large number of H2O D-N are close to zero. These represent the insignificant
1In this paragraph, the terms accuracy and precision have been erroneously reversed.
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cases and produce an underestimation of the D-N amplitude with respect to a
theoretically D-N representative of the only impact of convective processes.
Next, we evaluated the number of days when both a H2O average daytime
and night-time profile were available in the same 10◦× 10◦ grid bin (consisting
typically of ∼ 6 profiles each) in the African and South American regions, and
estimated the percentage for which the D-N was significant. We consider to be
significant all |D-N| greater than 10 % (the MLS precision in the TTL). Table 2.1
shows the percentage of days when the D-N is significant at 177, 100 and 56 hPa
in southern tropical America. In total, there are 1637 out of 2921 days (2005–2012
period) when both daytime and night-time are available. Among these, about 80 %
present a significant D-N at 177 hPa, 50 % at 100 hPa and 10 % at 56 hPa, during
the convective season (DJF). The statistics are similar in southern tropical Africa
and their counterpart in the northern tropics (not shown). The small amplitude
of D-N in the TTL and the LS is thus the result of the average of a large number
of D-N that are close to zero, but the non-negligible amount of significant cases
allows us to safely rely on the sign of D-N.
This study aims to be a qualitative analysis of the H2O variability, because,
even if MLS was able to measure the finest variation, it does not sample at the
maximum of convection, but rather an initial state (at 13:30 LT at the beginning
of the convection cycle) and a final state (at 01:30 LT toward the end of the cycle).
Therefore, we can only conjecture what happens in-between.
Table 2.1: Relative number (%) of days in southern tropical America for which
the |D-N| is greater than 10 % with respect to all the days when both an average
daytime and night-time were available (1639 days) between 2005 and 2012.
Pressure (hPa) Season
DJF MAM JJA SON
56 10.2 10.8 5.2 10.3
100 51.7 53.2 20.3 38.4
177 81.7 82.7 69.9 80.5
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Convective vs. non-convective scenarios
Based on the observations made in the previous section, we implemented a filter
relative to the D-N significance. We analysed the D-Ns for which |D-N| at 177 hPa
is greater or equal to 20 %, which we consider as significantly convective cases.
Also, we assume to be insignificantly convective cases the D-Ns for which |D-N|
at 177 hPa is less than 5 %. We mainly focus on strong convective tropical land
areas: South America and Africa. Results for the southern tropics are shown in
Fig. 2.8.
Figure 2.8: Relative filtered H2O D-N over southern tropical South America (left)
and southern tropical Africa (right) considering significantly convective cases (|D-
N| at 177 hPa greater than 20 %) (top) and insignificantly convective cases (|D-N|
at 177 hPa less than 5 %) (bottom).
For significantly convective cases, the D-N in the UT in southern tropical Amer-
ica and Africa is similar to that of Fig. 2.6a (the larger amplitude results to the
selection of the most significant cases). However, the pattern is different in the
TTL. In both areas, we observe a year-long positive layer between 121 and 100 hPa,
extending up to 82 hPa in summer. Another positive layer is found between 56
and 46 hPa in the LS, also similar to that in Fig. 2.6a.
For insignificantly convective cases, we assume that the convection is not re-
sponsible for the variability above 177 hPa. Note that the number of days falling
in this category is much smaller than the number of significantly convective days
(8 vs. 42 % of available data, respectively in South America, and 7 vs. 29 % of
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available data, respectively in Africa), their D-N amplitudes are thus not directly
comparable. Nonetheless, we observe a D-N distribution in the TTL similar to that
of oceanic areas in Fig. 2.6b. A negative layer, at approximately 121–100 hPa, is
surmounted by a positive D-N extending from 100 to 68 hPa, with maxima at
82 hPa coincident in time and pressure with the temperature minimum. Charac-
terized by a strong negative D-N, the variability at the bottom of the TTL can
only result from advection from outside the box. However, the transport must oc-
cur in a short time period (a few hours) from the source to the box, suggesting an
origin from neighbouring convective areas; otherwise, mixing would progressively
eliminate the difference between the day and night. In the LS, the negative D-N
between 46 and 56 hPa also suggests possible advection from neighbouring regions.
Overall, transport by advection produces D-N in opposition of phase with re-
spect to that of convective origin, resulting in an underestimation in the 121–
100 hPa pressure range and an overestimation in the 82–68 hPa layer of the D-N as
represented in Fig. 2.6a. Similar results are obtained in the northern tropics with
less amplitude (not shown). Over oceanic areas, the D-N in the TTL is similar in
amplitude and sign both for significantly and insignificantly convective cases, and
presents the same characteristics as in Fig. 2.6b (not shown).
Hydrating–dehydrating processes
As explained in Sect. “Role of the temperature” and also suggested by Danielsen (1982),
the late afternoon cooling by injection of adiabatic cooled air from overshooting
convective systems is a well-understood feature which may have two implications:
(1) drying by condensation at temperatures below saturation either at, or below,
the cold-point tropopause (Danielsen, 1982; Sherwood and Dessler, 2001); and/or
(2) moistening by the subsequent sublimation of ice crystals injected in the TTL
by overshooting convection. The first option would explain the positive D-N signal
in the extremely dry tropopause region above the maritime continent and west-
ern Pacific2. This results from the heating rate cycle of cirrus clouds formed by
condensation because of the low temperature (Hartmann et al., 2001; Corti et al.,
2006). However, the wetter TTL in continental areas requires a hydrating process
that the first scheme does not provide.
The H2O mixing ratio, D-N, and anomalies show marked seasonal variations
in the eight regions. However, the upper tropospheric D-Ns are of systematically
larger amplitude above land areas, particularly in the southern tropics. Another
typical feature of these areas is the positive D-N at the bottom of the TTL and
up to 82 hPa during the most convective season, in contrast to oceanic areas that
display a positive D-N near the tropopause at 82 hPa.
2See Appendix A for details.
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The main differences between these areas are their convection characteristics,
with late afternoon maximum intensity over tropical land and weak diurnal change
over ocean. Moreover, the larger amplitude of the H2O D-N in the UT and TTL
as well as the stronger cooling in the TTL and LS in the southern tropical sum-
mer, particularly above South America, suggest a much more intense convection
than in the northern tropics. These observations are consistent with the Yang
and Slingo (2001) mean brightness temperature climatology showing the lowest
brightness temperatures, synonymous of colder cloud top, in the southern tropics
in DJF and more precisely over South America. Also, this north–south difference
in D-N amplitude cannot be, at least in the UT, attributed to a gradient in the
relative humidity (RH). In South America, Africa, the maritime continent and
western Pacific, northern and southern tropical RHs are comparable during their
respective summer (Gettelman et al., 2006).
In the TTL and LS, the variability of the anomaly in all areas, which remains
unchanged regardless of the strength of the convection in the UT, is consistent
with the seasonal variability of the cold-point temperature. This indicates that
in the TTL and above, the continental convection does not affect H2O seasonal
variability, even though it strongly impacts its diurnal cycle.
To assert the hypothesis of a daytime moistening in TTL over land areas, we
computed H2O, IWC and temperature 2-month running averages, from 2005 to
2012, at 177, 100, and 56 hPa above the four southern tropical regions (see Fig. 2.9)
where the convection has the largest impact. The H2O mixing ratio and IWC
seasonal variations are similar at all longitudes in the UT (177 hPa), displaying
maxima in the summer (October–March); whereas, the temperature is slightly
lower in the winter (August–October) and the summer (January–March) than
the other months. The picture is different at 100 hPa where H2O and temperature
variations are in phase (with a high correlation rate r > 0.9) displaying a maximum
in winter–early spring (May–October); whereas, IWC is out of phase with H2O (r
<−0.6). At 56 hPa, where MLS has no available IWC information, H2O has been
transported by the Brewer–Dobson circulation from the TTL and results out of
phase with the temperature (r <−0.8).
Figure 2.10 shows the seasonal variations of daytime and night-time anomalies
for the H2O mixing ratio and temperature over the same areas as in Fig. 2.9. In
the UT (177 hPa), a strong night-time moistening in summer (October–March)
over South America and Africa is in phase with the diurnal cycle of convection.
The upper tropospheric night-time moistening is weaker above the maritime conti-
nent and nearly absent in the western Pacific. The TTL (100 hPa) in the summer
is characterized by a daytime moistening above the two land, convective regions,
whereas anomalies show a night-time moistening in winter, and slight or insignif-
icant night-time moistening during the whole year over the oceanic areas. The
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Figure 2.9: MLS 2-month running average, from 2005 to 2012, H2O (blue line),
temperature (red line) and IWC (black line) from January to December at 56
(top), 100 (middle) and 177 hPa (bottom) in southern tropical America (top left)
and southern tropical Africa (top right), the southern tropical maritime continent
(bottom left) and southern tropical western Pacific (bottom right).
picture is very similar at 56 hPa in the LS, where daytime hydration is also ob-
served above the two continents in the summer, and absent everywhere else where
the night-time is maximum. Not shown in this figure, a daytime moistening charac-
terizes the layer near the cold-point tropopause (centred on 82 hPa) above oceanic
areas.
Temperature anomalies are more variable in the UT, characterized by a sum-
mer daytime cooling, followed by a winter daytime warming in both South America
and the maritime continent, and the opposite in Africa and western Pacific. The
continent-ocean dichotomy, absent in the UT, appears in the TTL. The tempera-
ture presents a year-long daytime warming (of larger amplitude in summer) over
South America and Africa. However, the maritime continent and western Pacific
have both warming and cooling with very little amplitude. In the LS, a daytime
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Figure 2.10: Monthly daytime H2O (blue solid line), night-time H2O (blue dotted
line), daytime temperature (red solid line) and night-time temperature (red dotted
line) anomalies, calculated for each month as the difference between the monthly
average daytime (night-time) and the monthly average, for the 2005–2012 period,
at 177, 100 and 56 hPa in southern tropical America (top left) and southern tropical
Africa (top right), the southern tropical maritime continent (bottom left) and
southern tropical western Pacific (bottom right).
cooling (of larger amplitude in October–March) is shown in all areas. Only in
Africa, during JJA, is the daytime warming, most likely under the influence of
lower layers. Note that the anomaly in DJF (±0.25 K) is very consistent with the
results published by Khaykin et al. (2013, Fig. 1).
IWC anomalies (not shown) are characterized by a year-long positive feature
during daytime (and negative in night-time) in continental areas (±0.3 mg m−3) at
all levels, and the opposite in the western Pacific (±0.15 mg m−3). Only the mar-
itime continent presents both features with a positive nigh-time in December, Jan-
uary and April, but with a very small amplitude (mostly less than ±0.05 mg m−3).
At 100 hPa, the night-time moistening above oceanic areas during the whole
year, as well as continental regions in the winter, is consistent with the negative
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D-N observed at the same level for insignificantly convective cases (Fig. 2.8). This
is attributed to a horizontal advection from neighbouring areas. In the summer,
however, the continental daytime moistening during the convective season requires
a hydration process. The only known mechanism compatible for hydrating this
layer is the convective overshooting of ice crystals, sublimating in the next day
until the next cycle of convection3.
At 56 hPa, the daytime continental hydration cannot be attributed to the direct
injection of ice crystals, which caps, on average, at 82 hPa. The positive D-N, how-
ever, is consistent with the diurnal temperature cycle as presented by Khaykin et
al. (2013), and attributed to non-migrating tides and convective updraught of adi-
abatically cooled air, of maximum amplitude in the LS. H2O potentially turns into
ice with the afternoon temperature drop, and then sublimates the next morning
when the temperature rises4. Note that it is possible that the information cap-
tured by the AK peaking at 56 hPa comes from the 70–60 hPa region, where colder
temperature than that found at 56 hPa would favour this process. Remarkably,
the geographical extension of the diurnal brightness temperature cycle over the
ocean westward of South America and Africa revealed by Yang and Slingo (2001)
and attributed to the propagation of gravity waves, can explain the positive D-N
observed in Fig. 2.2 over the same places.
In the Asian and Central American monsoon regions, we noticed at 56 hPa a
positive D-N signal in JJA (Fig. 2.2), in absence of strong night-time moistening in
the UT. This atypical feature potentially results from the influence of the adjacent
seas; namely, Gulf of Mexico and Caribbean Sea for the Central America monsoon
region, and South China Sea and Bay of Bengal for the Asian monsoon region.
Yang and Slingo (2001) showed that in these regions, both diurnal brightness
temperature and precipitation cycles are shifted by about 10–12 h from sea to
land with a sharp transition. Since we average H2O in a 10◦× 10◦ grid, both
land and ocean are combined in these areas, resulting in a composite land–ocean
convection cycle, which explains the absence of a strong signal in the UT. Unlike
the maritime continent where land and ocean are also combined, Asian and Central
America monsoon regions present the continental convection signature in the LS
(e.g. positive D-N). Although the methodology developed in our study is applicable
to monsoon regions, it would require a dedicated analysis beyond the scope of this
study.
The seasonal changes in the H2O D-N (i.e. summertime maximum amplitude,
negative in the UT, positive in the TTL and LS) closely follow the distribution
of overshooting convection seasonal cycle as measured from the Tropical Rainfall
Measuring Mission (TRMM) (Liu and Zipser, 2005). The authors showed that
3See Appendix A for details.
4See Appendix A for details.
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in DJF (JJA), OPFs were essentially found between 0 and 20◦ S (0 and 20◦ N),
while March–May and September–November are transition periods during which
the convective systems move from south to north and conversely, so that the max-
imum of convection is found at the Equator. Also, Iwasaki et al. (2010) confirmed
that the overshoot samples are not rare at the tropical belt scale, and induce a
potential impact on the stratospheric hydration. The number of events penetrat-
ing the 380 K potential temperature level in the TTL, as measured by CALIPSO,
is approximately 7× 106 events per year in the tropical belt (20◦ N–20◦ S). A hy-
dration of about 100 t of H2O per event was calculated using a combination of
CloudSat and CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) data.
Their results showed more cases during the day than during the night, and more
cases over land than over the ocean. No discussion is made about the impact of
the time of overpass, which may alter the statistics in some regions, but the results
are qualitatively in agreement and compatible with this study.
2.2.5 Conclusions
TRO-pico’s objectives are to evaluate to what extent the overshooting convection
and involved processes contribute to the stratospheric water vapour entry. Small-
and medium-size balloons were launched as part of two field campaigns (2012 and
2013) held during the convective period in Bauru, Sao Paulo state, Brazil. Flights
carrying Pico-SDLA (Tunable Laser Diode Spectrometer; Durry et al., 2008) and
Flash-B (Yushkov et al., 1998) hygrometers were launched early morning and
late evening while radiosondes were launched up to 4 times a day during the
most convective period. The measurements, still under analysis, are matched with
spaceborne and model data. Then, to evaluate the local results obtained in Bauru
with respect to a larger scale, comparisons with climatologies will be necessary.
Although seasonal and annual variation of H2O has been extensively studied, few
studies were devoted to the geographical and temporal variability of its diurnal
cycle in the TTL. With this study, we aim to deliver a comprehensible landmark
for TRO-pico as well as future researches debating the impact on H2O of the
continental tropical convection.
Following the Liu and Zipser (2009) study of the diurnal water vapour cycle in
the upper troposphere from the MLS measurements, we used the same data, but
a new version on a twice longer period (version 3 instead of 2 and 8 years instead
of 4), as well as temperature and IWC products, to investigate the origin of the
changes in H2O mixing ratio from the UT to the LS and with a focus on the possible
contribution of tropical land convection on the tropical tropopause layer and lower
stratosphere budget. In agreement with Liu and Zipser findings, MLS data are
showing a night-time maximum moistening (∼ 20 %) of the UT above continental
areas in the southern tropics during the austral summer in DJF and, although of a
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lesser extent (∼ 10 %), above the maritime continent. A similar signal is observed
in the northern tropics in JJA, but of lesser amplitude (5–10 %). The TTL and LS
present a daytime maximum moistening (up to 5–6 %) over southern tropical lands
in the summer, out of phase with the UT signal, which requires a hydration process
of those layers. The convective origin of the TTL and LS hydration is confirmed
by the humidity and temperature daytime and night-time seasonal variations over
the various tropical land regions. The TTL daytime moistening by sublimation of
updraughted ice crystals up to 82 hPa, and the LS daytime moistening associated
to the temperature cycle induced by convection, are characteristics of summertime
in southern tropical land. Similar patterns, but of lesser intensity, are found in
northern tropical land, suggesting that convective overshoots are less frequent or
less vigorous in the northern tropics. In comparison, oceanic locations present a
daytime maximum water vapour at the tropopause level consistent with the cirrus
daily cycle of radiative heating origin.
In summary, the MLS water vapour, cloud ice-water content, and tempera-
ture observations demonstrate a clear contribution to the TTL moistening by ice
crystals overshooting updraught over tropical land regions and the much greater
efficiency of the process in the southern tropics. Deep convection was also found
to be responsible for a diurnal variability in temperature that in turn drives the
variability of the lowermost stratospheric H2O.
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Here ends the article Carminati et al. (2014).
2.3 Summary and perspectives
From the analysis of 8 years of MLS H2O, IWC and temperature over the tropical
band (25◦ N, 25◦ S) and specific regions (namely, south and north tropical South
America, Africa, maritime continent, and western Pacific) we highlighted the im-
pact of continental convection on H2O in the TTL and LS. Over land, we demon-
strated that the diurnal cycle of H2O in the TTL is on average under the influence
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of convective processes with a characteristic daytime moistening (up to 80 hPa in
summer) associated with the sublimation of updraught ice crystals. Convection
also impacts the temperature diurnal cycle in the LS that reciprocally influences
that of H2O in the lowermost stratosphere. Comparatively, over ocean (as well as
over land, during insignificantly convective periods), the variability of H2O in the
TTL is predominantly regulated by the temperature-induced freezing/sublimation
cycle of cirrus clouds advected by large-scale processes defined in the Cold Trap
theory (Corti et al., 2006).
A complementary analysis could be the study of the CO variability using the
same methodology. Because of its short lifetime (∼2 months), CO is not well mixed
in the troposphere and UTLS regions but however can be transported up to the
stratosphere. This is why CO is another widely used tracer of convection. In a
proposal sent to the NASA Postdoctoral Program application, I suggest to follow
a similar methodology in order to study the tropical convection, but using com-
bined datasets such as the AIRS/MLS H2O dataset from Liang et al. (2011), the
TES/MLS CO dataset from Luo et al. (2014), and the AIRS/MLS CO dataset in-
troduced by Warner et al. (2014) and summarized in chapter 5, before confronting
the results to in situ data and model outputs.
In the next chapter, this climatological study is compared to similar analyses
performed for the Bauru area, place of the TRO-pico field campaigns. Then, in
the light of our findings, we analyze the preliminary results of the balloon-borne
measurements carried out at Bauru in the summers 2012 and 2013 during the
different TRO-pico campaigns.
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Chapter 3
The TRO-pico project: a case
study at local scale in Southern
Brazil
In the previous chapter we pointed out the important role of the stratospheric water
vapor in term of radiative modulation affecting the climate and the stratospheric
chemistry. We showed that tropospheric H2O can enter the stratosphere through a
mechanism of rapid vertical transport known as overshooting convection, prevalent
over tropical land areas such as South America or Africa. Overshoots were shown
to locally loft ice crystals in the TTL as high as 80 hPa on average during the
most convective season. In an environment sub-saturated with respect to ice,
the up-drafted ice crystals sublimate and hydrate the TTL. However, if the ice
crystals are too large or the conditions are not sub-saturated, ice crystals may
sediment to a lower level in the UT before sublimating, leading to a dehydration
of the TTL. Nonetheless, the climatological study presented in chapter 2 suggests
that the hydrating process is prevalent, at least over South America and Africa.
Cloud resolving modeling of overshooting case studies predicted a moistening of
the TTL and LS following the injection of several hundred tons of water mass
per event (Hassim and Lane, 2010; Liu et al., 2010), which is of the same order
as the 100 tons per event calculated by Iwasaki et al. (2010) from a combination
of space-borne measurements. Unlike cloud resolving models, however, global
models of general circulation and chemistry-transport, do not yet integrate the non-
hydrostatic character of local convective processes. As a result, the quantitative
impact of overshooting convection at large scale remains obscure.
A competitive mechanism in term of troposphere-to-stratosphere transport is
the slow radiative ascent of advected air through the tropopause. H2O condenses,
forms cirrus clouds, and finally sediments when an air parcel passes through the
extremely low tropopause temperature. When the air parcel exits the tropopause
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region in the LS, it is depleted in H2O, which results in a dehydration of the TTL
and LS. This is consistent with the minimum of H2O observed over the maritime
continent and western Pacific where deep convection is less intense.
The TRO-pico project, briefly presented in the previous chapter, principally
aims to address the question of the impact of deep convection on the water vapor
budget in the TTL and LS, and evaluates its relative importance compared to
slower mechanisms.
3.1 Presentation of TRO-pico
3.1.1 Overview
TRO-pico is a five-year project funded by the French National Research Agency
(ANR) relying on the cooperation of four French institutes, namely, the Groupe de
Spectrome´trie Moleculaire et Atmosphe´rique (GSMA) in Reims, the Laboratoire
Atmosphe`res, Milieux et Observations Saptiales (LATMOS) in Guyancour, the
Division Technique de l’Institut National des Sciences de l’Univers (DT-INSU)
in Meudon, and the Laboratoire d’Ae´rologie (LA) in Toulouse. The project also
has three French partners, the Laboratoire de Me´te´orologie Dynamique (LMD) at
the Ecole Polytechnique in Palaiseau, the Laboratoire de Physique et Chimie de
l’Environnement et de l’Espace (LPC2E) in Orleans, and the Centre National de
Recherches Me´te´orologiques – Groupe d’Etudes de l’Atmosphe`re Me´te´orologique
(CNRM-GAME) in Toulouse, as well as one Brazilian partner, the Institute of
Meteorological Research (IPMet) of the State University of Sao Paulo (UNESP).
The scopes of TRO-pico cover three main fields of research. The first of them
is the monitoring of the H2O variability during the wet convective season with
an emphasis on the TTL and LS regions. The second scope arises from the first
and aims to estimate the frequency of convective overshooting events as well as
how they impact H2O and temperature in the TTL and LS. In order to better
apprehend the large scale implication of overshoots in comparison to the slow de-
hydrating ascension of the air through the low tropopause temperature, the third
goal is the up-scaling of locally observed effects of overshooting convection thanks
to numerical simulations. Beyond these objectives, TRO-pico is also designed to
answer the question of how electric fields associated with thunderstorms affect
the formation, composition, and lifetime of cirrus clouds. Finally, H2O observa-
tions are expected to serve in a validation exercise for both the IASI instrument
onboard the European space platform MetOp, and the Sounder for Probing Ver-
tical Profiles of Humidity (SAPHIR) onboard the Franco-Indian space platform
Megha-Tropiques. To achieve these objectives, TRO-pico involves a combination
of space-borne, ground-based, and balloon-borne observations, that, in conjunction
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with cloud resolving models (CRMs), help characterize local scale processes. Satel-
lites associated to a chemistry-transport model are used to extend the up-scaling
to larger scales.
3.1.2 Presentation of the instruments
Balloon-borne sounders
At the heart of the project, pico-SDLA1 is an infrared laser spectrometer developed
by the DT-INSU to measure in situ H2O, CO2 and CH4 (Durry et al., 2002, 2004,
2008). All three versions were flown during the campaigns. The most used during
the campaigns was the hygrometer, which measures the absorption of a laser beam
emitting at 2.63µm over a 1 m path, by H2O molecules. Measurements can be
performed up to the LS (25-30 km) with a time resolution of 20 ms per spectrum
and an uncertainty of about 5 % in the UTLS region. The version of the instrument
that measures the CO2 is similar to the hygrometer except that the laser path is
0.5 m and the wavelength 0.68µm. The CH4 sensor is slightly different because
the laser uses a Compact Difference Frequency Generation (CDFG) technology
provided by the American Novawave Technologies Inc. The CDFG is composed of
two diodes emitting at different wavelength through a non-linear crystal generating
an output emission at 3.24µm. The optical path of this version is 3.6 m. All three
sondes have been tested in 2011 at the Kiruna site in Sweden under extremely low
temperatures, similar to those met at the tropopause in the tropics. Pico-SDLA
H2O has also been successfully operated during the SCOUT-O3 (2008) campaign
in Teresina, Brazil.
Another hygrometer involved in TRO-pico is the Russian Fluorescence Ad-
vanced Stratospheric Hygrometer for Balloon (FLASH-B) instrument (Yushkov,
1998, 2001). Lyman-alpha hygrometers like FLASH-B retrieve H2O from the flu-
orescence of OH radicals when excited by the photodissociation of H2O molecules
exposed to the 121.6 nm Lyman-alfa radiation. The instrument is composed of a
Lyman-alfa lamp emitting at 121.6 nm and an OH fluorescence detector covering
the 308-316 nm spectral region. The absorption of the Lyman-alfa radiation by
the oxygen limits the measurements to pressures less than ∼300 hPa. The instru-
ment uncertainty is about 10 % in stratospheric condition and mixing ratio greater
than 3 ppmv. Both pico-SDLA and FLASH-B are flown during the night-time to
minimize the light interferences.
The mini Syste`me d’Analyse par Observations Zenithales (SAOZ) is a spec-
trometer developed by the Service d’Ae´ronomie (SA, now LATMOS) of the Cen-
tre National de la Recherche Scientifique (CNRS), which performs measurements
1french acronym for ‘Spectrome`tre a` Diode Laser Accordable’ or Tunable Diode Laser (TDL)
in English
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by solar occultation (spaceflight.esa.int/pac-symposium_archives/files/
papers/s7_7vicom.pdf). The instrument covers the near infrared spectral region
to measure O3, H2O, and aerosols. The measurements are performed during the
balloon ascent and at its ceiling altitude (∼30 km), at sunrise or sunset. As for
pico-SDLA, mini-SAOZ has been successfully flown at the Kiruna site in 2011.
The Light Optical Aerosol Counter (LOAC) developed by Environnement SA
measures the aerosol number density and nature (Renard et al., 2010). Measure-
ments are based on the scattering of a laser diode light emitted by the instrument
at two different angles. LOAC can measure particles up to 30µm, which is com-
patible with the size of the ice crystals injected by convective overshoots in the
TTL and LS. As for pico-SDLA, LOAC has been successfully flown in Kiruna,
2011.
The Compact Optical Backscatter Aerosol detector (COBALD) is a backscat-
ter sonde developed by the Swiss Federal Institute of Technology in Zurich (ETHZ)
(www.iac.ethz.ch/groups/peter/research/Balloon_soundings/COBALD_data_
sheet). It uses two light sources at 455 and 870 nm to detect the backscattered
light from air molecules, aerosols, and cloud droplets. The particles size and num-
ber density can be retrieved when combined to a radiosonde, which simultaneously
measures temperature and pressure.
Finally, radiosondes RS92 manufactured by Vaisala, a Finnish company, are
used to daily measure temperature, pressure and relative humidity (RH) with
0.5◦C, 5 % and 0.6 hPa uncertainties, respectively (http://www.vaisala.com/).
Miloshevich et al. (2004, 2009) showed that RS92 radiosonde RH is subject
to a time-lag error, a mean calibration bias, and a solar radiation error. We
applied empirical correction algorithms as described by Miloshevich (http://
milo-scientific.com/prof/corr_method.php), adapted for the soundings per-
formed in Bauru during TRO-pico, to minimize both time-lag error and mean
calibration bias. The solar radiation error, a dry bias caused by solar heating
of the RH sensor, however remains unknown and uncorrected for the soundings
performed during the daytime.
Supporting instruments and models
Balloon-borne observations are supported by both ground-based and space-borne
instruments. On the ground, two IPMet C-band weather radars operating on
a wavelength of 8-15 cm provide information on the convective systems within
250 km. Simultaneously, a lidar at the IPMet site in Bauru measures aerosols
and cloud droplets size and concentration. On orbit, MLS, IASI, and SAPHIR
provide observations of H2O, CALIPSO provides observations of aerosols and cloud
properties, and COSMIC provides temperature profiles.
Observations are used to challenge the ability of models to reproduce at vari-
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ous scales the different processes linked to convection. A good reproduction of the
impact of convection on the TTL and LS physic and chemistry will help upscaling
from local to global scale the effects of overshoots and better estimate the changes
in the future. At local scale, The Brazilian developments on the Regional At-
mospheric Modelling System (BRAMS, http://brams.cptec.inpe.br/) is used
in Cloud Resolving Model (CRM) mode to track thunderstorms near Bauru.
BRAMS is a multipurpose numerical prediction model designed by the center
for weather forecasting and climate research (http://www.cptec.inpe.br/) to
simulate atmospheric circulations for Brazilian regional weather centers. It spans
scales from hemispheric scales down to large eddy simulations2 (LES) of the plan-
etary boundary layer. The Mesoscale non-hydrostatic (Meso-NH) model (Lafore
et al., 1998) jointly developed by the LA and the CNRM-GAME is also used in
cloud resolving mode for local scale studies. Meso-NH relies on non-hydrostatic
system of equations and is coupled with a chemistry module, a lightning mod-
ule, and a surface model representing the surface-atmosphere interactions. The
model also integrates an advance set of parameterizations for the representation
of clouds and precipitations. At larger scales, the simulations are carried out
by the Model de Chimie Atmosphe´rique a` Grande Echelle (MOCAGE), a multi-
scale Chemistry-Transport Model (CTM) developed at Me´te´o-France (Peuch et al.,
1999). MOCAGE capability spans a large range of field of study, such as chemical
weather forecast, tracking and backtracking pollution sources, or trans-boundaries
pollution transport and effect of anthropogenic emissions on climate change. For
the needs of TRO-pico, MLS water vapor is assimilated in MOCAGE through
the coupled Projet d’Assimilation par Logiciel Multime´thode (PALM) software
(www.cerfacs.fr/˜palm) developed by the Centre Europe´en de Recherche et de
Formulation Avance´e en Calcul Scientifique (CERFACS).
3.1.3 Campaigns
TRO-pico field campaigns were held in Bauru (22.34◦S, 49.03◦W), Sao Paulo state,
Brazil, in austral summers 2012 and 2013. During the campaigns, the balloon
borne sounders presented above were flown under zero pressure 500 m3 and 1500 m3
balloons as well as 1.2 kg rubber balloon in function of the instrumental payload.
The campaigns took place in local summer, the wet and convective season in
Brazil, and were fulfilled in two phases: 1) a Six Month Observing Period (SMOP)
from November 2012 to March 2013 during which seven flights with the pico-
SDLA hygrometer were performed to monitor the H2O variability during the wet
2CRMs and LESs are the most efficient tools to simulate convection and clouds (Randall et
al., 2003). They differ from global model by their horizontal grid interval, which is small enough
to simulate individual cloud, typically 4 km or less. Their runs cover numerous cloud life cycles.
The area of study is thus limited by the computing resources and generally limited to local scales.
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season, and 2) two Intense Observing Periods (IOPs) targeting the most intense
convective periods, e.g. March 2012 and January-February 2013, during which
a total of 30 flights with various combinations of instruments were performed.
Table 3.1 summarizes the dates of flights as well as the instruments involved and
the species observed. Finally, more than 120 radiosondes were performed during
the SMOP and IOPs phases, with up to four launches per day during the IOPs.
3.2 Difference between tropical and sub-tropical
convective characteristics in South America
and implications for TRO-pico
3.2.1 Southern Brazil, a region of strong convection
Liu and Zipser (2005) investigated the geographical abundance and distribution of
overshooting Precipitation Features (OPFs) in the tropics. They used five years
(1998-2003) of the Tropical Rainfall Measuring Mission (TRMM) observations.
TRMM is a low-altitude (350-400 km) non-sun-synchronous orbiter inclined at
35◦ and sampling the precipitation diurnal cycle over 24 hours. The instruments
onboard the TRMM platform are a Precipitation Radar (PR), the TRMM Mi-
crowave Imager (TMI), the Visible and InfraRed Scanner (VIRS), the Cloud and
Earth Radiant Energy Sensor (CERES), and the Lightning Imaging Sensor (LIS).
The platform has been operating since 1997. For the needs of their study, Liu
and Zipser (2005) selected all the Precipitating Features (PFs) covering at least 4
adjacent pixels (∼80 km2) in the 20◦N-20◦S tropical band over the 5-year period.
This represents a total of ∼5x106 individual cases. The authors considered all
PFs with a 20 dBZ reflectivity (Z20dBZ) top height above a given reference height
as being an overshooting area of large ice particles. The study was conducted
with five different reference heights including the 14 km level used by Alcala and
Dessler (2002), the National Centers for Environmental Prediction (NCEP) re-
analysis tropopause level, the NCEP 380 K potential temperature level, the level
of neutral buoyancy (from NCEP sounding and surface equivalent potential tem-
perature), and another level of neutral buoyancy (from NCEP sounding and the
largest of the 925 and 1000 hPa equivalent potential temperature). It resulted that
only 0.1 % of the 5x106 PFs reaches the highest of these reference heights (e.g. the
380 K level) with Z20dBZ measured at ∼17.4 km. The authors pointed out that
with the lowest reference height (14 km), the OPFs are equitably distributed over
land and ocean, with the largest concentration over the western Pacific, central
Africa, South America, Inter Tropical Convergence Zone (ITCZ) and South Pacific
Convergence Zone (SPCZ). However, when the highest reference height is consid-
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Table 3.1: List of the flights with (from left to right) the launch dates, instruments,
and species measured. The green shading shows the SMOP flights. The stars show
the flights for which I was present.
Launch date Instruments Species 
2012/03/04 FLASH-B and COBALD H2O and aerosol 
*2012/03/09 FLASH-B and COBALD H2O and aerosol 
*2012/03/11 pico-SDLA H2O Mini-SAOZ O3, H2O and NO2 
*2012/03/13 pico-SDLA H2O 
FLASH-B and COBALD H2O and aerosol 
*2012/03/14 pico-SDLA CH4 FLASH-B and COBALD H2O and aerosol 
*2012/03/16 
FLASH-B and COBALD 
(morning and evening) H2O and aerosol 
Mini-SAOZ O3, H2O and NO2 
2012/11/21 pico-SDLA H2O 
2012/12/05 pico-SDLA H2O 
2012/12/15 pico-SDLA H2O 
2012/12/20 pico-SDLA H2O 
2013/01/18 pico-SDLA H2O and CO2 
2013/01/26 pico-SDLA H2O FLASH-B and COBALD H2O and aerosol 
2013/01/27 FLASH-B and COBALD H2O and aerosol 
2013/01/28 pico-SDLA H2O 
2013/01/29 pico-SDLA CH4 
2013/01/30 FLASH-B and COBALD H2O and aerosol 
2013/01/31 pico-SDLA H2O and CH4 
2013/02/01 pico-SDLA H2O 
2013/02/02 FLASH-B and COBALD H2O and aerosol 
2013/02/04 pico-SDLA H2O and CO2 
2013/02/06 pico-SDLA and LOAC H2O and aerosol FLASH-B and COBALD H2O and aerosol 
2013/02/07 FLASH-B and COBALD H2O and aerosol 
2013/02/10 pico-SDLA H2O and CH4 FLASH-B and COBALD H2O and aerosol 
2013/02/11 
pico-SDLA H2O and CO2 
FLASH-B, COBALD and 
LOAC H2O and aerosol 
2013/02/13 FLASH-B and COBALD H2O and aerosol 
2013/02/26 pico-SDLA H2O 
2013/03/24 pico-SDLA H2O 
2013/03/30 pico-SDLA H2O 
 
ered, OPFs are 73 % more frequent over land. Fig. 3.1 (Fig. 2 in Liu and Zipser,
2005) shows the OPFs (with the 14 km reference height) seasonally averaged in
5◦x5◦ bins in DJF, MAM, JJA and SON. Each bin has been divided by the total
number of events in order to remove the sampling bias. Generally, the OPFs are
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observed in the summer hemisphere (North in JJA and South in DJF) following
the ITCZ, and at the equator in MAM and SON. The figure also shows that with-
out sampling bias most OPFs are over land even with the 14 km reference height.
Furthermore, the higher reflectivity, stronger ice signature in the microwave obser-
vations and higher number of flashes (all proxies of convective intensity) show that
OPFs over land are more intense than over ocean. Finally, the authors found that
the African region is the largest contributor in terms of overshooting area, volume
and precipitating ice mass, followed by South America and the main Indonesian
islands.
height of the 20 dBZ surface and the height of the infrared
radiometric top of the convective clouds, or the large
cloud area of anvils, and will be discussed further in
section 3.7.
3. Results and Discussion
[17] With five reference heights, 5 year TRMM observed
OPFs were identified in five groups. In this section, the
global distribution, seasonal, diurnal variation and the
properties of these OPFs will be discussed.
3.1. Global Distribution of Population of OPFs
[18] Figure 1 demonstrates the locations of PFs penetrat-
ing different reference heights. The similar geolocation
distribution pattern exists in all five groups: OPFs were
found mainly over the West Pacific, Central Africa, South
America, the Intertropical Convergence Zone (ITCZ) and
the South Pacific Convergence Zone (SPCZ). The over-
shooting tops above 17 km (red dots in the first panel of
Figure 1) happened mainly over land. About the same
number of PFs above 14 km were found over land and
ocean. However, more land PFs were capable of penetrating
the higher reference heights (Z380K and Ztropopause). There is
less overshoot activity in the ITCZ over the East Pacific and
Atlantic. Two regions ound with more frequent and
higher overshoot activities: Congo basin and Panama. Over
the extreme West Pacific, more accurately the Maritime
Continent region, OPFs were most frequent over land rather
than the oceans.
3.2. Seasonal and Diurnal Variation of Population
of OPFs
[19] In order to show the seasonal variation of penetrative
convection, the population of identified OPFs between
20!N and 20!S are counted in 5! ! 5! boxes for different
seasons. Then the total numbers of OPFs in each box are
normalized with TRMM 3A25 total pixel numbers to
remove the sampling bias. After weighting by the number
of total OPFs, the number density distribution is obtained.
Because the distribution is very similar for PFs identified
with different reference heights, we only show the PFs with
overshoot above 14 km here in Figure 2. It is clear in Figure 2
that the OPF population is driven by the large-scale seasonal
migration of the ITCZ, and the Indian, South American and
African monsoons. The highest population of overshooting
happens over the Congo basin, Amazon and Indonesia region
during all seasons, over Panama in northern summer and over
Darwin in Southern summer.
[20] Consistent with the deep convection diurnal cycle
analysis by Alcala and Dessler [2002], there is a strong
diurnal cycle of OPF over land, maximizing in the afternoon
Figure 2. Seasonal variation of number density of OPFs. Number density is defined as total number of
PFs > 14 km in each 5! ! 5! bin divided by TRMM 3A25 total pixel numbers to remove sampling bias.
Units are parts per thousand. The locations of PFs with more than 40% overshooting area are marked
with a cross. The locations of PFs with more than 105 km2 horizontal area are marked with a diamond.
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Figure 3.1: (From top to bottom) Number density (‰) of OPFs in DJF, MAM,
JJA, and SON, defined as the total number of PFs with overshooting top above
14 km in each 5◦x5◦ bin divided by the total pixel numbers. Crosses represent
PFs with more than 40 % overshooting area, and diamonds those with more than
105 km2 horizontal area. (Figure 2, Liu and Zipser, 2005)
One year later, Zipser et al. (2006) carried out a study in the same vein, with
the purpose to locate the most intense thunderstorms on Earth. With seven years
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(1998-2004) of TRMM observations, the authors used the convective indices mea-
surable by TRMM (the height of the 40 dBZ level in a PF, the minimum of bright-
ness temperature at 37 and 85 GHz, and the lightning flash rate) as statistical
proxies of intensity. Considering only PFs greater than 75 km2, they found about
13x106 cases in the 36◦N-36◦S latitude band over the seven years.
Figure 3.2: (From top to bottom) Seven years (1998-2004) of PFs with top height
measured in function of the minimum of brightness temperature at 37 GHz and
85 GHz, the 40 dBZ reflectivity, and the flash rate. Color bars show the frequency
of each categories. (Figure 3, Zipser et al., 2006)
Fig. 3.2 (Fig. 3 in Zipser et al., 2006) shows the geographical distribution of
storms as a function of the four different proxies over seven years (1998-2004). As
an example, 155 PFs among the 13x106 identified (e.g. 0.0012 %) have at 40 dBZ
reflectivity a top reaching 16.75-19.5 km (the highest category). The authors high-
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lighted that the four independent parameters show a similar distribution, preferen-
tially over land. The largest frequencies of the most intense categories (purple and
black) are found in the mid-southeast USA and southeast South America (near
35◦N and 35◦S, respectively). Very intense PFs are also found in central Africa,
Southeast Asia and northern Australia. Equatorial land such as the Amazonian
region or Indonesian islands present fewer extreme events but numerous moder-
ately intense PFs. In summary, the strongest convective storms occur in semi-arid
regions such as central USA or southeast South America, where strong low level
wind shear and low level jet transport moist air over high mountains (Rockies and
Andes, respectively). The moist air is lifted because of the topography causing
instabilities favorable to the formation of large meso-scale convective storms.
From these studies, we can assume that Bauru (22.34◦S, 49.03◦W) and its
region are subject to a significant overshooting activity, among the most intense
in the world.
3.2.2 Climatological background of the Bauru region
MLS water vapor, cloud ice water content and temperature in the Bauru region are
analyzed following the same methodology as described in the preceding chapter.
First, we defined the region of study as the [17.34◦S, 27.34◦S; 64.03◦W, 44.03◦W]
area (black rectangle Fig. 3.3); a 10◦ latitude per 20◦ longitude box of the same
size as those used by Carminati et al. (2014). Note that because of its vicinity
to the Atlantic Ocean, Bauru (red dot Fig. 3.3) is not at the box center but in
its eastern side. Nonetheless, results were compared to a 10◦x10◦ box centered on
Bauru and no significant difference was observed.
Figure 3.3: Map of South America. The black rectangle represent the 10◦ latitude
per 20◦ longitude region of study and the red dot the Bauru launch site.
In order to avoid confusion, the south tropical South American region, analyzed
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in the chapter 2 (e.g. Fig. 2.2) will hereafter be referred to as Amazonian region.
Fig. 3.4 is similar to Fig. 2.6a except that we also processed the year 2013, and that
the dashed and dotted lines represent the 200 and 194 K temperature contours,
respectively. The H2O mixing ratio in Bauru displays a strong seasonality in the
UT, with the wettest period in summer (DJF). In the TTL, the Cold Point and the
hygropause are observed in the same pressure range near 80 hPa. The oxidation
of CH4 in the LS results in a small increase of the H2O mixing ratio above 50 hPa.
The forward tilt of the mixing ratio contour also reveals the effect of the Brewer-
Dobson circulation. Compared to the Amazonian region, although the seasonal
variations are similar, the Bauru region has a drier UT (less than 100 ppmv relative
to ∼130 ppmv over the Amazonia at 215 hPa). However the hygropause and the LS
are less dehydrated over Bauru (3.3 ppmv relative to 2.3 ppmv over the Amazonia),
which is consistent with the 4-K warmer tropopause over Bauru than over the
Amazonia.
The D-N in the UT over the Bauru region also presents large seasonal modu-
lations, negative in summer, with D-N down to -20 %, and positive in winter, with
D-N up to 13 %. In the TTL and LS, the D-N is mostly negative (0.5 to 2.5 %
below zero) over the entire period. Only when the temperature is the highest,
in winter between 60 and 80 hPa, weakly positive D-Ns are visible. A surprising
difference with respect to the Amazonian region is the nearly total absence of pos-
itive D-N in the lower TTL. This implies that the hydrating-dehydrating processes
involved at these levels are of a different nature in southern Brazil.
Anomalies obtained in the UT over the Bauru region reach ±50 %. This is
larger than over all the tropical regions studied in the previous chapter where
anomalies are less than ±30 %. In MAM and SON the convective activity is
localized near the equator and impacts the Amazonian region but not the Bauru
region, too far south. This results in a sharper shift from wet to dry season (and
vice versa) over Bauru and explains why anomaly amplitudes are stronger than in
the Amazonian region. In the TTL, anomalies in the Bauru region (±20 %) are
weaker than those of the Amazonian region (and all the tropical regions presented
in the chapter 2, typically of ±30 %). The lesser dehydration of hygropause over
Bauru, explains the lesser amplitude of TTL anomalies with respect to tropical
areas.
Fig. 3.5 shows the filtered monthly-averaged D-N for significantly convective
days (|D-N| at 177 hPa greater or equal to 20 %, top panel) and for insignificantly
convective days (|D-N| at 177 hPa less than 5 %, bottom panel) in the Bauru region.
For the insignificant convective cases, the D-N presents roughly the same features
as insignificant cases in the Amazonian and African regions (e.g. a positive layer
between 100 and 70 hPa, surrounded by negative D-N in the UT and LS).
For significant convective cases, the nearly total absence of positive D-N in the
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Figure 3.4: Same as Fig. 2.6a but for the Bauru region and from 2005 to 2013.
The dashed and dotted lines represent the 200 and 194 K temperature contours.
TTL is again the major difference with respect to the Amazonian region. Nonethe-
less, we observe a propagation of the negative signal up to 68 hPa in summer (con-
vective period), but limited to 90 hPa in winter. This has two implications: 1)
the convection impacts the water vapor budget in the TTL in the Bauru region,
but because no positive D-N is observed, the mechanism must be different to that
in the Amazonian region, and 2) the propagation of the signal in summer up to
68 hPa (relative to 82 hPa in the tropics) suggests a stronger convective intensity,
which impacts the highest part of the TTL. The second point is consistent with the
results of Zipser et al. (2006), Fig. 3.2, which demonstrate that the most intense
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storms preferentially occur in subtropical regions.
These observations suggest that ice crystals are either formed in the TTL or
injected, and promptly sublimate (at least a fraction of them) before they can
sediment or be horizontally transported. This could be attributed to two processes:
a) the ‘freeze and dry’ process, that would result in a large dehydration of the TTL,
if dominant, or b) the ‘ice geyser’ process, that would result in a slight hydration
and a greater ice content.
Figure 3.5: Same as Fig. 2.8 but for the Bauru region and from 2005 to 2013. The
dashed and dotted lines represent the 200 and 194 K temperature contours.
To investigate these two hypotheses, we calculated the 2-month running average
of H2O, IWC and temperature for the Bauru region. Fig. 3.6 shows the running
averages (left), and the difference relative to the Amazonian region (right). In
the UT, H2O and IWC show similar variations in Bauru and in Amazonia, with
minima in winter and maxima in summer. The H2O content is however 20-40 %
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larger in Amazonia. IWC is similar in the two regions in summer but drops by 70 %
in winter in Bauru with respect to Amazonia. Temperature is up to 2 K (∼10‰)
higher in Bauru than in Amazonia. In the TTL, temperature is 4 K higher in
Bauru (∼30‰). H2O is up to 20 % wetter than in tropical Amazonian area during
the convective season. IWC presents a much more marked seasonal variability in
Bauru than in Amazonia, with again a deficit of about 70 % in winter, but an
ice content nearly 30 % greater in summer. Finally, in the LS, we note that the
temperature presents a larger peak-to-trough amplitude in Bauru (7 K relative to
5.5 K in Amazonia). Conversely, H2O shows less variability in Bauru (0.3 ppmv
peak-to-trough relative to ∼1 ppmv in Amazonia) with wetter winters (∼16 %)
and slightly drier summers (∼-5 %).
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Figure 3.6: (Left) Same as Fig. 2.9 but for the Bauru region. (Right) Relative
difference between Bauru and Amazonian regions 2-month running average tem-
perature (‰), H2O (%), and IWC (%), at the same pressure levels as left.
When considering the seasonal variations of daytime and night-time anomalies
of H2O and temperature (Fig. 3.7, left), and IWC (Fig. 3.7, right), we can first
note that the amplitude of all three anomalies is of the same order as in Ama-
zonian region (within ±0.5 K for temperature, ±0.4 mg.m−3 for IWC, and ±5 to
±0.06 ppmv depending of the level for H2O). The daytime temperature anomaly
is always found negative regardless of the season and at all levels. This may be
explained by an earlier convective cycle with respect to Amazonia, which is con-
sistent with the results of Yang and Slingo (2010, Fig. 3) that suggest a maximum
in brightness temperature 1 to 2 hours earlier in the Bauru region relative to the
Amazonian region. H2O anomalies in the UT are similar to those in Amazonia
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with night-time hydration in summer and almost no difference between day and
night-time in winter (anomalies close to zero). In the TTL, the night-time anomaly
is always positive with little seasonal variations, sign of strong horizontal mixing.
In the LS, daytime as well as night-time anomalies are very weak with night-time
mostly positive, except from September to November. IWC, at 100 hPa in the
TTL, has a positive daytime anomaly, of larger amplitude in summer, while both
day and night-time are close to zero in winter.
Figure 3.7: (Left) Same as Fig. 2.10 but for the Bauru region. (Right) same as
left but for IWC at 100 hPa in the Amazonian region (top) and the Bauru region
(bottom).
In summary, although the UT in the Bauru region is drier and contains less
ice regardless of the season, the TTL is significantly wetter and has much more
ice during the convective period than in the Amazonian region. The temperature
is also systematically higher in Bauru, which explains the lesser dehydration in
the TTL with respect to tropical areas. The larger ice content in the TTL can-
not be attributed to the deposition of H2O (i.e. freeze and dry) because such a
process would imply a strong dehydration that is not observed. Only a direct
injection of ice into the TTL can result in both high summertime IWC, wetter
hygropause with respect to tropical areas, and positive night-time H2O anomaly.
The ice formed in the overshooting turrets and lofted into the TTL is thus the
only compatible mechanism and likely the predominant process affecting this re-
gion. Super-saturated conditions are probably less frequent over Bauru because of
the warmer TTL compared to tropical regions. A fraction of the lofted ice would
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thus sublimate when it enters the TTL resulting in a wetter night-time, consistent
with the observations3. This differs from the Amazonian region where the required
conditions for sublimation appear to be reached later during the next day when the
temperature is higher. In the LS, although the sign of the H2O and temperature
anomalies suggests a possible cycle similar to that observed in tropical areas, the
extremely weak amplitude of the signal precludes any conclusion.
3.3 In situ measurements preliminary analysis
In this section, I present the preliminary results from the different TRO-pico cam-
paigns and discuss their implications for H2O variability in the TTL.
3.3.1 H2O vertical profiles from the Bauru campaigns
Fig. 3.8 shows the averaged vertical profiles of H2O and their 1σ standard devia-
tion (horizontal bars) as measured by radiosonde RS92 (black lines), pico-SDLA
(red lines), FLASH-B (blue lines), and MLS (green filled circles) from the upper
troposphere (200 hPa) to the lower stratosphere (20 hPa). Four different periods
are represented: 1) (top left) pre-IOP 2012 from January 28 to March 02, 2012,
originally planned to be the IOP 2012 but delays postponed the hygrometer flights,
2) (top right) the IOP 2012, from March 04 to 16, 2012, 3) (bottom left) the SMOP
2012, from November 20 to December 20, 2012, and 4) (bottom right) the IOP
2013, from January 18 to February 13, 2013. Data from the SMOP 2013 are not
available at this time. The number of profiles averaged for each period and each
instrument is reported in Table 3.2. Before being averaged, balloon-borne mea-
surements are interpolated to a fixed pressure grid from 850 to 50 hPa with a step
of 2 hPa. Space-borne averaged profiles are computed from the MLS daily closest
profile to Bauru within a maximum radius of 240 km (MLS horizontal resolution)
during each period. An adequate screening, as suggested by Livesey et al. (2011),
has been applied. Because most of the balloon were flown during the night-time,
only night-time profiles are considered for both balloon- and space-borne instru-
ments.
In the UT, all the instruments show a large standard deviation during the IOPs,
which reflects a large variability of H2O. The MLS driest profile is observed during
the IOP 2012 and the moistest profile during the SMOP 2012. During the IOP
2013 and the pre-IOP 2012, MLS H2O presents relatively similar mixing ratios.
Balloon-borne observations suggest a drier UT during the IOP 2012 relative to the
IOP 2013. Note that a sampling effect can explain the pico-SDLA dry bias below
150 hPa with respect to FLASH-B and RS92. In the TTL, all the instruments
3See Appendix A for details.
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Figure 3.8: (Top left) RS92 and MLS mean vertical profiles of H2O and 1σ standard
deviation computed for the pre-IOP 2012 period. (Top right) Same as top left but
for RS92, FLASH-B, pico-SDLA, and MLS during IOP 2012. (Bottom left) Same
as top left but for pico-SDLA and MLS during SMOP 2012. (Bottom right) Same
as top right but during IOP 2013.
consistently show the hygropause between 100 and 80 hPa. MLS and pico-SDLA
both observe a wetter TTL during SMOP 2012 with respect to the IOPs. In the
LS, RS92 presents abnormally low values of H2O at 60 hPa in 2012, which will
require further investigations. Otherwise, few differences are observed between
the different periods. Note that an extensive inter-comparison of the different
instruments would require to degrade high resolution balloon-borne profiles to the
MLS resolution by applying MLS averaging kernels.
In summary, all instruments show an hygropause near the 90 hPa level, with a
minimum of H2O mixing ratio ranging from 2.3 (RS92) to 3.2 ppmv (FLASH-B),
in all periods. Remarkably, the driest profiles are obtained during the IOP 2012,
which was conducted late in the wet season (March) at the end of the convective
period. In contrast, SMOP 2012, which was conducted much earlier in the wet
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season (November-December), presents the wettest profiles. This is consistent
with the hypothesis of a hydrating impact of deep convection in the UT, TTL,
and lowermost stratosphere as proposed by Pommereau and Held (2007), Corti et
al. (2008), Khaykin et al. (2009), Pommereau et al. (2011).
Table 3.2: (From top to bottom) Number of RS92, FLASH-B, pico-SDLA, and
MLS profiles used for the computation of the average profiles shown in Fig. 3.8
during (from left to right) pre-IOP 2012, IOP 2012, SMOP 2012, and IOP2013.
Only night-time profiles are considered.
Period
Sonde
MLS 6 2 6 5
PICO.SDLA
IOP12013
24
0
39
8
RS92
FLASH.B
50
7
6
2
0
0
pre.IOP12012 IOP12012
3
SMOP12012
3.3.2 H2O diurnal cycle in Bauru
To investigate the effects of overshooting convection on H2O diurnal cycle, I ana-
lyzed balloon- and space-borne mean observations for IOP periods over 24 hours. I
proceeded as follows. Balloon-borne profiles were averaged in three layers (220-121,
121-68, and 68-30 hPa representative of the UT, TTL and LS, respectively) and
four time bins (01:00-07:00, 07:00-13:00, 13:00-19:00, and 19:00-01:00 LT). MLS
observations were averaged in the same layers at 01:30 and 13:30 LT. The peri-
ods considered are the IOP 2012 and 2013. Note that to increase the number of
profiles used in the statistics, data from the pre-IOP 2012 (RS92 and MLS) have
been treated with those of IOP 2012. Table 3.3 summarizes the number of profiles
used for each instrument in each time bin for the IOP 2012 and 2013. Fig. 3.9
shows the H2O diurnal cycles so computed for January 28 to March 16, 2012 (left)
and January 18 to February 13, 2013 (right) in the UT (bottom), TTL (middle),
and LS (top). Note that only night-time RS92 are shown in the TTL and LS
(e.g. 01:00-07:00 and 19:00-01:00 LT bins) because daytime RS92 are not corrected
for solar radiative error (insignificant in the UT).
In 2012, RS92s show in the UT a minimum of H2O in the bin centered on
18:00 LT and a maximum in that centered on 00:00 LT. FLASH-B and MLS agree
with a higher H2O mixing ratio at night. In the TTL and LS, the lack of daytime
RS92 precludes conclusion on the diurnal cycle, although night-time balloon-borne
observations show slightly more H2O in the 01:00-07:00 LT bin than in the 19:00-
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01:00 LT bin. MLS observes more H2O during the night than during the day in
the TTL and conversely in the LS.
Figure 3.9: (Left) Mean RS92 (black filled circles), FLASH-B (blue triangles),
pico-SDLA (red diamonds), and MLS (green filled circles) H2O mixing ratio av-
eraged in four time bins centered on 00:00, 06:00, 12:00, and 18:00 LT, in the UT
(220-121 hPa, bottom), TTL (121-68 hPa, middle), and LS (68-30 hPa, top) layers,
during IOP 2012. (Right) Same as left but for IOP 2013. Vertical bars show the
1σ standard deviation.
In 2013, RS92s show a minimum of H2O at local noon and a maximum at local
mid-night. This is consistent in the UT with both pico-SDLA and MLS (but of
much weaker amplitude), which show more H2O during the night.
Unlike in 2012, balloon-borne observations show more H2O in the 19:00-01:00 LT
bin than in the 01:00-07:00 LT bin, both in the TTL and LS. This is consistent
with the observed upper tropospheric H2O diurnal cycle showing a late morning
minimum/late night maximum in 2013 compared to the afternoon minimum/early
morning maximum in 2012. MLS, like in 2012, shows more H2O during the night
than during the day in the TTL and conversely in the LS. It is also important
to consider that the MLS vertical resolution, about 3 km at these levels, poten-
tially affects the ability of the sensor to correctly depict small variations of H2O.
81
This could explain the very small amplitude between MLS day- and night-time
samplings with respect to the other instruments.
Table 3.3: Number of RS92, FLASH-B, pico-SDLA, and MLS profiles used in each
time bin (refered as 4, 10, 16, and 22 LT) and in each layer (UT, TTL, and LS)
during IOP 2012 and IOP 2013.
In summary, balloon-borne observations demonstrate a night-time increase of
H2O in the UT consistent with both the cycle of convection above land and the
MLS-based climatology presented in the previous section. The minimum of H2O
mixing ratio observed late afternoon (16:00 LT bin) in the UT in 2012 as well as
the lesser amplitude of the upper tropospheric cycle with respect to 2013 (9.9 ppmv
amplitude in 2012 relative to 12.5 ppmv amplitude in 2013 in the UT) can be a
consequence of the 2012 campaign extending well into March when the convective
season comes to its end and the overshoots are less frequent. The interannual
variability can also accounts for the observed differences between 2012 and 2013.
The intensity of convection has been shown to vary from year to year, influenced
by perturbations such as the ENSO and/or the QBO (Lau and Chan, 1988; Liang
et al., 2011). The lack of data and the unknown impact of the radiative bias on
the RS92s make any conclusion difficult for the TTL and LS.
3.4 Concluding remarks and perspectives
Recognized as a region where convection is among the most intense in the world,
southern Brazil, and more specifically, the Bauru area in the Sao Paulo state, is
a preferred region to study the overshoot activity and its impact on the water
vapor budget and variability in the tropical tropopause layer. Between 2012 and
2013, several field campaigns were held in Bauru as part of the TRO-pico project.
Among other instruments, high-resolution hygrometers were flown under small
and mid-size stratospheric balloons during the wet convective season. With these
measurements, scientists involved in TRO-pico expect to better understand the
role of overshooting convection in the moistening process of the TTL.
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In this chapter, I performed a climatological analysis of H2O, temperature and
IWC, similar to that presented in chapter 2, but applied to the Bauru region.
The results show that, compared to the tropical Amazonian region, the TTL over
the Bauru area is wetter, warmer, and contains more ice in summer, but is also
drier and more depleted in ice in winter. The higher temperatures (and possibly
lesser relative humidity) in subtropical regions result in less dehydration at the
tropopause level in summer. This also leads to saturation conditions that favor the
rapid sublimation of ice crystals lofted by overshooting convection. In addition,
the impact of convection on the D-N in Bauru is observed up to 68 hPa at the
peak of the convective season (compared to 80 hPa in Amazonia), meaning that
overshoots in southern Brazil are more vigorous and affect more the upper part of
the TTL than over the Amazonia, which is consistent with Zipser et al. (2006).
Balloon-borne observations confirm the hydrating character attributed to the
convective activity, at least in the UT. Furthermore, the H2O diurnal cycle in the
UT is also well captured by radiosondes and, in agreement with the MLS-based
climatology, shows a night-time moistening consistent with the diurnal cycle of
deep continental convection.
The next steps for TRO-pico scientists will be to analyze the balloon borne
data, profile by profile in the light of the climatologies and interpretations pre-
sented in this dissertation, in order to infer a quantitative estimation of overshoots’
contribution to the water vapor budget in the TTL and LS over Bauru. Quantita-
tive information will help to up-scale the impact of convection on H2O from local
to regional and global scales with appropriate model parameterizations. Benefits
from TRO-pico are expected to help better represent and constrain the physical
parameterization of convection, not only in climate models but also in weather
and chemistry-transport models.
Like water vapor, carbon monoxide (CO) is an excellent tracers of vertical
transport and have been used in numerous studies for this purpose (e.g. Li et al.,
2005; Ricaud et al., 2007; Schoeberl et al., 2008; Liu and Zipser, 2009, Gonzi and
Palmer, 2010; Pumphrey et al., 2011). Released by anthropogenic emissions and
biomass burning, CO’s short lifetime (∼2 months) prevents a global homogeneous
mixing but enables its transport up to the lower stratosphere. CO also has a
significant importance from a radiative forcing perspective (IPCC, 2013) and for
air quality issues, as an ozone precursor, in urbanized region (Lahoz et al., 2012).
For these reasons, the following chapters will be dedicated to the CO monitoring
from space-borne instruments.
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Chapter 4
Analysis of the CO variability in
the free troposphere using the
Atmospheric InfraRed Sounder
AIRS
This chapter is based on “Warner, J., Carminati, F., Wei, Z., Lahoz, W., and Attie´,
J.-L.: Tropospheric carbon monoxide variability from AIRS under clear and cloudy
conditions, Atmos. Chem. Phys., 13, 12469-12479, doi:10.5194/acp-13-12469-
2013, 2013” (http://www.atmos-chem-phys.net/13/12469/2013/acp-13-12469-2013.
html) and marks the first of three chapters dedicated to the study of the carbon
monoxide in the troposphere. Text, figures and tables are identical to the original
article, however the page setup was modified in order to ease the reading. In sec-
tion 4.1, a short presentation of the study precedes the main article in section 4.2.
Section 4.3 presents a complementary study based on the Infrared Atmospheric
Sounding Interferomerter. The conclusions and perspectives close the chapter in
section 4.4. References are in the ‘Bibliography’.
4.1 General introduction
Air quality forecasts are now prominent in most industrialized countries where
pollution control became a key issue for policy makers. It arises, in part, from the
considerable improvements made in global carbon monoxide (CO) measurements
with the use for the first time in the early 2000’s of dedicated satellite observations
from the Measurement Of Pollution In The Troposphere (MOPITT) instrument
(Drummond, 1989), then followed by several other instruments including the At-
mospheric InfraRed Sounder (AIRS) (Aumman et al., 2003). Upstream fields, such
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as in situ instrumental validation and support (Warner et al., 2007) or modeling
(Kim et al., 2013), also take advantage of this progress. Today, some of these
datasets exceed a decade of records and are suitable for trends and climatology
studies (Worden et al., 2013; Warner et al., 2013; He et al., 2013), opening new
perspectives.
Modern remote sensors such as those onboard space platforms enable cover-
age of large areas with a quality of measurement that is continuously improving.
However, their resolution (horizontal and vertical) remains limited and they do
not match the precision of in situ measurements. It is therefore essential that (in
parallel with the improvement of the measure itself) scientists develop innovative
methods, which, from the available data, allow further and deeper analyses of the
measurements leading toward a better understanding of the studied species, in our
case the carbon monoxide.
For this study, I used a statistical methodology, developed by Dr. Warner
and her team, to analyze the CO tropospheric variability and short-term trends
from 10 years of AIRS measurements. I calculated the probability density func-
tion (PDF) giving a statistical estimate of the CO variability for the Northern
Hemisphere (NH) and the Southern Hemisphere (SH), land and ocean. The PDFs
often present a double peak pattern that can be represented by two superimposed
Gaussian functions. The Gaussian fitting of the first peak (lowest CO values) is
then representative of the CO background while the Gaussian fitting the second
peak (highest CO values) then represents the fresh emissions. Using the mode
of these Gaussians as a proxy, I estimated the CO variability from 2003 to 2012
as well as the CO short-term trends with least square linear fits. Finally, I com-
pared emissions obtained with AIRS to emissions inventory databases (Global Fire
Emissions Database-GFED3 and MACC CityZEN UE-MACCity) and found good
agreements in both hemispheres. Note that a cloud mask was used to isolate AIRS
clear pixel. This cloud mask has been developed and applied by Drs. Warner and
Wei (Warner et al., 2013) as discussed in the section 4.2.2 Identifying AIRS clear-
sky coverage.
Discriminating the background and the emission of CO is a new innovative ap-
proach of satellite data analysis that has two advantages: 1) the CO background
can be used to validate modeled CO climatologies and 2) the detection of fresh
CO emission may lead to a CO-based near-real time fire detection system.
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4.2 Article 2 - Tropospheric carbon monoxide
variability from AIRS under clear and cloudy
conditions
Abstract
We study the carbon monoxide (CO) variability in the last decade measured by
NASA’s Atmospheric InfraRed Sounder (AIRS) on the Earth Observing System
(EOS) Aqua satellite. The focus of this study is to analyze CO variability and
short-term trends separately for background CO and fresh CO emissions based
on a new statistical approach. The AIRS Level 2 (L2) retrieval algorithm utilizes
cloud clearing to treat cloud contaminations in the signals, and this increases the
data coverage significantly to a yield of more than 50 % of the total measurements.
We first study if the cloud clearing affects CO retrievals and the subsequent trend
studies by using the collocated Moderate Resolution Imaging Spectroradiometer
(MODIS) cloud mask to identify AIRS clear sky scenes. We then carry out a
science analysis using AIRS CO data individually for the clear and cloud-cleared
scenes to identify any potential effects due to cloud clearing. We also introduce
a new technique to separate background and recently emitted CO observations,
which aims to constrain emissions using only satellite CO data. We validate the
CO variability of the recent emissions estimated from AIRS against other emis-
sion inventory databases (i.e., Global Fire Emissions Database – GFED3 and the
MACC/CityZEN UE – MACCity) and calculate that the correlation coefficients
between the AIRS CO recently emitted and the emission inventory databases are
0.726 for the Northern Hemisphere (NH) and 0.915 for the Southern Hemisphere
(SH). The high degree of agreement between emissions identified using only AIRS
CO and independent inventory sources demonstrates the validity of this approach
to separate recent emissions from the background CO using one satellite data set.
4.2.1 Introduction
Global long-term measurements of tropospheric carbon monoxide (CO) from space-
borne instruments have been possible since year 2000 with the launch of the Mea-
surement Of Pollution In The Troposphere (MOPITT) (Drummond, 1989) on
the Earth Observing System (EOS) Terra satellite, followed by the Atmospheric
InfraRed Sounder (AIRS) on Aqua (Aumman et al., 2003), the Tropospheric Emis-
sion Spectrometer (TES) on Aura (Beer, 2006), the Infrared Atmospheric Sounder
Interferometer (IASI) on the European MetOp platform (Clerbaux et al., 2010),
and future CO products from the Cross-track Infrared Sensor (CrIS) on Suomi-
NPP satellite. These measurements have advanced our understanding in many
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areas of science such as air quality and transport studies (Heald et al., 2003; Lin
et al., 2012); field campaign support and validation (Fisher et al., 2010; Warner et
al., 2007; Emmons et al., 2004, 2007); and model chemistry, transport, and data
assimilation studies (Kim et al., 2013; Arellano et al., 2007; Pradier et al., 2006;
Lamarque et al., 2004) that aim to improve the capability of air quality forecasts.
There has been attention recently on the CO trend using satellite measure-
ments, especially considering that the lifetime of MOPITT and AIRS has exceeded
10 yr (Worden et al., 2013; He et al., 2013). These studies have found a decreasing
trend in a number of regions that is possibly due to increased air quality stan-
dards and the recent economic slowdown. This study re-examines the short-term
CO trends from AIRS with a focus on the discussion of the background CO and
CO recent emissions. Separating CO recent emissions from the background is of
interest in that the background CO variability can be used to validate modeled
CO climatology, which helps to improve air quality models and eventually ben-
efit air quality forecasts. Inventory studies based on CO measurements largely
rely on the use of inverse modeling and top-down estimates (Pfister et al., 2005;
Arellano et al., 2006; Kopacz et al., 2010). The capability to separate the recent
emissions from the background CO may also lead to an automated real-time de-
tection system for fire emissions. Although near-real-time fire detection from the
Moderate Resolution Imaging Spectroradiometer (MODIS) products based on the
surface biomass and temperature properties is available (Justice et al., 2002), the
CO-based fire detection has not been used hitherto.
AIRS is a grating instrument on board EOS/Aqua satellite, launched on 4
May 2002 by NASA. As a thermal hyperspectral sensor, AIRS has more than
2000 channels available for applications including weather, climate, and air quality
studies. AIRS provides twice daily and near-global coverage of tropospheric CO
for the period since 2002, and the CO climate record will continue with IASI
instruments with current and planned missions started in late 2006 and planned
to last 15 yr, and possibly CrIS. This study uses the operational AIRS version
5 (V5) CO products that are based on AIRS science team physical algorithms
and distributed by the NASA GSFC’s Earth Sciences (GES) Distributed Active
Archive Center (DAAC).
Satellite measurements using the thermal spectral regions are affected by the
presence of clouds, and, therefore, it is necessary to remove the effects of clouds
before retrieving many geophysical properties. Techniques to remove cloud con-
tamination include the identification and removal of the entire pixel that contains
clouds, referred to as cloud detection. Another approach is to reconstruct clear
column radiances that would have been there if there were no clouds, referred to as
cloud clearing. Many earlier studies (Smith, 1968; Chahine, 1974, 1977; McMillin
et al., 1982; Susskind et al., 1998) built the foundation for the cloud clearing
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technique that was later adapted by the AIRS team.
The AIRS L2 retrieval algorithm utilizes cloud clearing to remove cloud con-
tamination in the radiances, and this helps to increase the L2 data coverage signifi-
cantly to a yield of 50–70 % of the total measurements. AIRS’s cloud clearing uses
nine neighboring pixels with different cloud fractions, as well as the microwave
sounder Advanced Microwave Sounding Unit (AMSU) data, to solve for AIRS
clear radiances (Susskind et al., 2003). Cloud clearing utilizes the contrast in
the cloud fraction between neighboring pixels and can recover non-uniform cloudy
pixels with up to 80 % of cloud cover. Sounding is performed on a 45 km field of
regard (FOR), which is defined by the size of the AMSU footprints. For quality
assurance purposes, it is important to understand the effects of the cloud clearing
on the overall quality of the retrievals. To select AIRS clear pixels, we use the
collocated MODIS cloud mask, which applies a number of thresholds from 14 dif-
ferent spectral channels in both visible and thermal regions to identify clouds in a
1× 1 km2 field of view (FOV; Ackerman et al., 1998).
We first describe, in Sect. 2, the method to collocate AIRS single-view pixels
with the Aqua MODIS cloud mask to identify AIRS clear pixels. We then analyze
AIRS CO variability using clear sky pixels identified in the previous section and
the cloud-cleared pixels from the L2 products in Sect. 3. In Sect. 4, we introduce
a new statistical method to separate CO recent emissions from the background
concentrations in AIRS data and compare the results with known CO emission
inventories, before summarizing this study in Sect. 5.
4.2.2 Identifying AIRS clear-sky coverage
To select AIRS clear sky pixels, we use the MODIS cloud mask (MYD35 L2)
(ftp://ladsftp.nascom.nasa.gov/allData/5/MYD35_L2/) taking advantage of
the fact that MODIS is on the same Aqua satellite platform as AIRS. An example
in Fig. 4.1 illustrates the method we used to collocate the AIRS and MODIS pixels.
We first select granules (units of data stored as files for satellite data) that coincide
in time from the two data sets, and then match one center pixel of a granule from
each sensor using geo-location information. There are a total of 240 granules a
day for AIRS and 288 granules a day for MODIS. A predetermined index system,
marked as colored boxes in Fig. 4.1, is then used to include a certain number of the
surrounding MODIS pixels for each AIRS pixel. Figure 4.1 illustrates the method
of the AIRS vs. MODIS collocation where the small solid dots (black or colored
inside the boxes) are the center locations of MODIS pixels, the blue circles the
center locations of AIRS pixels, the green squares the collocated nearest MODIS
pixels, and the triangles the center locations of the boxes used for all the MODIS
pixels in each AIRS pixel. This index system was developed based on a fixed
relationship between the AIRS and MODIS instrument viewing angles, which will
89
Figure 4.1: The method of the AIRS vs. MODIS collocation where the small solid
dots (black or colored inside the boxes) are the center locations of MODIS pixels,
the blue circles the center locations of AIRS pixels, the green squares the collocated
nearest MODIS pixels, and the triangles the center locations of the boxes used for
all the MODIS pixels in each AIRS pixel.
not change during the lifetime of the sensors. Note that some MODIS pixels are
not included between the rectangular boxes to account for the gaps between AIRS
scan lines (see Aumann et al., 2003, on AIRS instrument design).
AIRS single FOVs of ∼ 13.5 km at nadir are used to collocate with MODIS
1 km2× 1 km2 pixels. We define an AIRS clear pixel when more than 99 % of
MODIS pixels inside the AIRS FOVs are flagged to be clear. AIRS clear coverage
defined by the MODIS cloud mask for 4 March 2006 is shown in blue in Fig. 4.2
top panel, and the total clear sky pixel ratio is approximately 14.9 %. If we choose
to define a clear AIRS pixel when all MODIS pixels are flagged clear, there would
be only 13.3 % clear AIRS pixels per day. AIRS clear coverage is also defined
by AIRS-measured radiances, instead of by the MODIS cloud mask, as part of
the L2 products. The blue pixels in Fig. 4.2 middle panel show AIRS L2 clear
sky cases (when CloudFraction = 0 in the L2 product), and the total clear sky
pixel ratio is ∼ 24.3 %, which tends to overestimate the amount of clear coverage
compared to using the MODIS cloud mask as in Fig. 4.2 top panel. AIRS L2 cloud
ratio products can be compared to those defined by the MODIS cloud mask only
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under clear sky conditions because the MODIS sub-pixel (1× 1 km2) cloudiness
is unknown. The clear sky coverage differences between MODIS and AIRS L2
are shown in Fig. 4.2 bottom panel, where the blue pixels represent the cases
when both MODIS and AIRS L2 detect clear sky (∼ 9.5 % of AIRS total daily
pixels). The green pixels are when MODIS detects clear sky, but AIRS L2 failed
to identify clear sky cases (∼ 5.4 %), whereas the magenta pixels are clear sky
detected by AIRS L2, but not verified by MODIS (∼ 14.8 %).
Figure 4.2: AIRS clear coverage defined by the MODIS cloud mask (top panel),
defined by AIRS L2 products where CloudFraction = 0 (middle panel), and the
differences between the top and middle panel (bottom panel).
The low clear sky coverage shown as blue pixels in the Fig. 4.2 top panel
confirms the need for cloud clearing in the case of AIRS. This is not only because
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the clear sky coverage is otherwise only approximately less than 13 % (in the
case of 100 % MODIS pixels being clear in each AIRS pixel), but also because a
large portion of the clear sky coverage is over less populated regions such as at
the poles and over the deserts. Thus, if only clear sky measurements were used,
the available data over populated regions, where routine air quality monitoring
is essential, would have been significantly fewer than 13 %. This would not have
provided frequent enough coverage for air quality monitoring purposes over most
regions.
4.2.3 AIRS CO variability for clear sky and cloud-cleared
scenes
In this section, we discuss the CO differences between AIRS clear sky coverage
using the MODIS cloud mask and cloud-cleared data sets to assess the perfor-
mances of AIRS cloud clearing and identify possible limitations. We analyze the
statistics of the AIRS CO distribution and variability using clear pixels and cloud-
cleared pixels independently. Note that the CO values for clear pixels are selected
from AIRS V5 L2 CO data sets where the cloud-cleared radiances (CCRs) were
used. Accurate CO values under clear sky conditions should be retrieved CO from
Level-1 (L1) clear radiances. Using the CO retrievals from the CCRs as an ap-
proximation for clear sky conditions of the same pixels could cause some errors;
however, we do not expect large differences between the two data sets.
The monthly mean AIRS V5 CO VMR (volume mixing ratio) maps at 500 hPa
for March to May 2006 are shown in Fig. 4.3 with the clear daytime cases in the
upper left panel, the clear nighttime cases in the bottom left panel, the cloud-
cleared daytime cases in the upper right panel, and the cloud-cleared nighttime
cases in the bottom right panel. Large areas of the earth are covered by clouds
throughout the month as shown by the gaps in the left panels, demonstrating
the need for AIRS cloud-cleared products for monitoring the environment. The
elevated CO shows similar emission sources and transport patterns for both the
clear sky cases (left panels) and the cloud-cleared cases (right panels). Note that
the clear sky cases are embedded in the cloud-cleared cases under discussion. In
general, the clear sky cases show higher values in the elevated CO regions than the
cloud-cleared cases, for both daytime and nighttime. The CO values for clear sky
cases are lower in the clean regions than the cloud-cleared cases, and, therefore, the
clear sky maps show better contrasts. Daytime CO values are generally higher than
the nighttime values (compare the upper panels to the lower panels), which is due
to the surface thermal contrast that increases the CO measurement sensitivity in
the lower troposphere and, in turn, results in higher retrieved CO in the Northern
Hemisphere (NH) in the spring (Deeter et al., 2007).
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Figure 4.3: The 3-month mean AIRS V5 CO VMRs (ppbv) at 500 hPa for March
to May 2006, showing the clear sky daytime cases (upper left panel), the clear sky
nighttime cases (bottom left panel), the cloud-cleared daytime cases (upper right
panel), and the cloud-cleared nighttime cases ( bottom right panel).
To understand the effects of the cloud clearing on the CO measurements, it
is important to examine the information content of the CO measurements as de-
scribed by the degrees of freedom for signal (DOFSs). AIRS operational CO
DOFSs are calculated using a different formula from that commonly used in the
community and described by Rodgers (2000). We computed the DOFSs in this
study using the Rodgers formula that is generally associated with the optimal esti-
mation retrievals (Warner et al., 2010), even though the CO values are from AIRS
Version-5 (V5) operational products using AIRS team retrievals (Susskind et al.,
2003). Figure 4.4 shows AIRS optimal estimation CO DOFSs for the months of
March to May 2006 for cloud-cleared cases (right panels) versus clear cases (left
panels) and for daytime (upper panels) versus nighttime (lower panels). The high
DOFS values for the cloud-cleared products range from 0.8 to 1.0, and the DOFS
values for the clear sky conditions go up to 1.2. This comparison indicates that
the cloud-clearing process may have reduced the DOFSs, although not by a large
amount (∼ 0.2), in the CO retrievals. Note also that the DOFSs over land are
generally higher than over the oceans, and the daytime values are higher than
nighttime values, which is due to the differences in surface thermal contrast.
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Figure 4.4: AIRS optimal estimation CO DOFS values for the months of March
to May 2006, for cloud-cleared cases (right panels) versus clear cases (left panels)
and for daytime (upper panels) versus nighttime (lower panels).
The 10 yr variability of tropospheric CO VMRs at 500 hPa during daytime from
2003 through 2012 is summarized in Fig. 4.5a, using daily mean values for clear
sky (blue curves) and cloud-cleared (red curves), and for NH land, NH ocean,
Southern Hemisphere (SH) land, and SH ocean. The yellow line shows the differ-
ence between the clear sky cases and cloud-cleared cases (i.e., cloud-cleared minus
clear). The least square linear fits for the clear and cloud-cleared cases are plotted
to indicate the short-term CO trends, but they are not discussed until the next
section. Because the AIRS team is no longer distributing V5 products beyond the
end of February 2013 (since then replaced by V6 products), we did not use data
beyond 2012 in this study. Globally, there is no large bias from cloud clearing,
except over the SH land, evident from 10 yr of AIRS CO data records. The CO
differences between cloud-cleared and clear are less than ±5 ppbv (parts per billion
by volume) for the NH land and ocean and ∼ 0 to −10 ppbv for the SH ocean, and
∼ 0 to 20 ppbv over the SH land. We emphasize that cloud clearing increases global
coverage significantly making daily monitoring possible, and without causing large
biases in the tropospheric CO distribution.
Over land, for both NH and SH, during the relatively low CO season (summer
months) at daytime, the cloud-cleared CO values tend to overestimate the CO
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Figure 5a. The ten-year variability of tropospheric CO VMRs (ppbv) at 500 hPa from 2003 through 2012 using daily 
mean values for clear sky (blue curves) and cloud-cleared (red curves), and for NH land, NH ocean, SH Land, and 
SH ocean. The yellow line indicates the differences between clear sky cases and cloud-cleared cases (cloud-cleared 
– clear). The linear fits for the clear and cloud-cleared cases are plotted to indicate the short-term CO trends. 
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Fig. 5a. The 10 yr variability of tropospheric CO VMRs (ppbv) at 500 hPa from 2003 through 2012 using daily mean values for clear sky
(blue curves) and cloud-cleared (red curves), and for NH land, NH oc an, SH land, and SH ocean. The yellow line indicates the differences
between clear sky cases and cloud-cl ared cases (cloud-cleared – clear). The linear fits for the clear and cloud-cleared cases are plotted to
indicate the short-term CO trends.
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Figure 5b. As Fig. 5a except for nighttime. 
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Fig. 5b. As Fig. 5a except for nighttime.
The fitted CO background PDFs (blue curves in Fig. 6) are
approximately the same for clear (solid) and cloud-cleared
(dotted) cases for both NH and SH oceans (see right panels
in Fig. 6). The cloud-cleared PDFs (dotted curves) in the NH
land show a single mode and a more Gaussian structure as
opposed to the clear cases (solid curves), where a bi-modal
feature separates recent emissions from the background CO.
The SH land cases show the largest differences between clear
and cloud-cleared cases where the cloud clearing masks the
otherwise different two populations of background and re-
cent emissions (see the lower left panel in Fig. 6). Note, how-
ever, this could be partly due to the large sampling differ-
ences over the biomass burning regions, where the MODIS
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Figure 4.5a: The 10 yr variability of tropospheric CO VMRs (ppbv) at 500 hPa
from 2003 through 2012 using aily mean values for clear sky (blue curves) and
cloud-clear d (re curves), and for NH land, NH ocean, SH land, and SH ocean.
The yellow line indicates the differences between clear sky cases and cloud-cleared
cases (cloud-cleared – clear). The linear fits for the clear and cloud-cleared cases
are plotted to indicate the short-term CO trends.
field by approximately 5 ppbv in the NH and by approximately 15–20 ppbv in the
SH. This is likely due to the fact that cloud clearing reduces the thermal contrast
over land in the summer months, thus, reducing the sensitivity to the relatively
low CO values in the lower troposphere over clean regions. This is consistent with
the earlier discussion about the DOFS differences shown in Fig. 4.4. Additionally,
the ranges of CO seasonal variations are generally larger over land (∼ 30–35 ppbv
in the NH and ∼ 40–60 ppbv in the SH) than over ocean (l–25 ppbv). Previous
studies (Warner et al., 2010; Yurganov et al., 2008) have suggested that AIRS CO
tends to overestimate the CO field in the SH due to the use of a global a priori
or first guess in the retrieval. This study points out that, under pure clear sky
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Figure 5a. The ten-year variability of tropospheric CO VMRs (ppbv) at 500 hPa from 2003 through 2012 using daily 
mean values for clear sky (blue curves) and cloud-cleared (red curves), and for NH land, NH ocean, SH Land, and 
SH ocean. The yellow line indicates the differences between clear sky cases and cloud-cleared cases (cloud-cleared 
– clear). The linear fits for the clear and cloud-cleared cases are plotted to indicate the short-term CO trends. 
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Fig. 5a. The 10 yr variability of tropospheric CO VMRs (ppbv) at 500 hPa from 2003 through 2012 using daily mean values for clear sky
(blue curves) and cloud-cleared (red curves), and for NH land, NH oc an, SH land, and SH ocean. The yellow line indicates the differences
between clear sky cases and cloud-cl ared cases (cloud-cleared – clear). The linear fits for the clear and cloud-cleared cases are plotted to
indicate the short-term CO trends.
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Figure 5b. As Fig. 5a except for nighttime. 
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Fig. 5b. As Fig. 5a except for nighttime.
The fitted CO background PDFs (blue curves in Fig. 6) are
approximately the same for clear (solid) and cloud-cleared
(dotted) cases for both NH and SH oceans (see right panels
in Fig. 6). The cloud-cleared PDFs (dotted curves) in the NH
land show a single mode and a more Gaussian structure as
opposed to the clear cases (solid curves), where a bi-modal
feature separates recent emissions from the background CO.
The SH land cases show the largest differences between clear
and cloud-cleared cases where the cloud clearing masks the
otherwise different two populations of background and re-
cent emissions (see the lower left panel in Fig. 6). Note, how-
ever, this could be partly due to the large sampling differ-
ences over the biomass burning regions, where the MODIS
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Figure 4.5b: As Fig. 4.5a except for nighttime.
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conditions, it is possible for AIRS to retrieve, over land, SH clean background CO
values of approximately 40 ppbv.
Similarly to the above discussion, the nighttime variability of tropospheric CO
VMRs at 500 hPa from 2003 through 2012 is studied and shown in Fig. 4.5b. The
nighttime CO differences between cloud-cleared and clear cases are smaller for the
NH and SH land cases than for the daytime due to the reduced thermal contrast,
whereas they are similar for the ocean NH and SH cases.
4.2.4 Distinguishing CO recent emissions from the back-
ground using AIRS clear-sky measurements
Emission inventories based on direct CO measurements have not been available
except with the use of inverse modeling techniques (Pfister et al., 2005; Arellano
et al., 2006; Kopacz et al., 2010). This study attempts to draw information on
recent emissions from satellite CO data only to build toward the ultimate goal
of monitoring fire activities in near-real-time using CO. AIRS CO-based biomass
burning detection will complement the current real-time fire alarm system using
MODIS thermal signals, because AIRS CO products are less constrained by smoke
and heterogeneous clouds.
We use probability density functions (PDFs) to study the statistical properties
of the CO distributions under various conditions. Figure 4.6 shows PDF plots
of AIRS V5 CO VMRs for the NH land (upper left), NH ocean (upper right),
SH land (lower left), and SH ocean (lower right), respectively, for the period of
March to May 2006 and for daytime only. We note that the histograms for the CO
distributions are not generally Gaussian and often show two peaks (see Fig. 4.6
top left and bottom left panels) over a CO population. The peaks at lower CO
values are generally associated with the background (BG) CO, whereas the peaks
at the higher CO values are associated with the recent emissions (RE). We fit two
Gaussian functions simultaneously for each histogram for clear (solid) or cloud-
cleared (dashed) conditions. The Gaussian fits to the left in each panel (blue)
represent a well-mixed background, whereas the right Gaussian fits to the right in
each panel (red), which have higher CO values, represent the fresh emissions. We
define the fresh emissions as the elevated CO that is seen by satellite instruments
as plumes, but emitted and transported from the surface.
The fitted CO background PDFs (blue curves in Fig. 4.6) are approximately
the same for clear (solid) and cloud-cleared (dotted) cases for both NH and SH
oceans (see right panels in Fig. 4.6). The cloud-cleared PDFs (dotted curves) in
the NH land show a single mode and a more Gaussian structure as opposed to the
clear cases (solid curves), where a bi-modal feature separates recent emissions from
the background CO. The SH land cases show the largest differences between clear
97
J. Warner et al.: Tropospheric carbon monoxide variability from AIRS under clear and cloudy conditions 12475
 33 
 
 
Figure 6. The monthly mean CO VMRs for March to May, 2006, using PDFs for the NH land (upper left panel), NH 
ocean (upper right panel), SH land (lower left panel), and SH ocean (lower right panel), for daytime only.  
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Fig. 6. The monthly mean CO VMRs for March to ay, 2006, using PDFs for the NH land (upper left panel), NH ocean (upper right panel),
SH land (lower left panel), and SH ocean (lower right panel), for daytime only.
cloud mask can mistakenly identify smoke as clouds, thus
resulting in very few clear pixels.
The CO variability for the background and the recent emis-
sions is analyzed separately in this section, and only the clear
sky cases are discussed. We use the modes of the fitted Gaus-
sian functions from each monthly PDF to represent the aver-
aged CO values based on the fact that, for a Gaussian func-
tion, the mode is the same as the mean. The tropospheric CO
histogram distributions can be considered, to a good accu-
racy, as the superposition of two Gaussian functions. Tropo-
spheric CO variability from 2003 through 2012 is summa-
rized in Fig. 7 for both the background values and the recent
emissions for NH land (top left panel), NH ocean (top right
panel), SH land (bottom left panel), and SH ocean (bottom
right panel), respectively. The background values are shown
in blue and the recent emissions in red. In general, decreas-
ing CO trends in both the background and recent emissions
are evident over most of the years, which agrees with results
from previous studies (Worden et al., 2013; He et al., 2013).
The trends for the same period are calculated from the
change in CO VMRs in ppbv per year, and the fitting pa-
rameters are listed in Table 1 for un-segregated clear sky
conditions (leftmost column), un-segregated cloud-cleared
(left second column), recent emissions (middle column),
and background under clear conditions (right column). The
trends are computed using a least squares linear fit. Addi-
Table 1. The rates of the reduction (negative numbers) and increase
(positive numbers) of AIRS CO VMRs at 500 hPa for daytime val-
ues for the clear and the cloud-cleared (left columns), and for the
background values and the recent emissions from under clear con-
ditions (right columns). Units are ppbv yr 1.
AIRS CO VMRs at 500 hPa AIRS CO VMRs at 500 hPa
2003–2012 daytime 2003–2012 daytime
un-segregated
Clear Cloud-Cleared RE BG
NH land  1.28  1.32  1.71  1.71
NH ocean  1.01  1.07  1.95  1.18
SH land  0.07  0.29  0.14  0.28
SH ocean  0.30  0.23  0.85  0.62
tionally, we use only full years so the trend estimates are not
affected by seasons. The trend is significant at greater than
2  everywhere except the background fit over the SH land
(1  ) and the fresh emissions over the SH land, where the CO
emissions are due to large and somewhat irregular biomass
burning events.
The AIRS CO short-term trend in the NH from 2003 to
the end of 2012 indicates a reduction of  1.71 ppbv yr 1 at
500 hPa for both the recent emissions and the background
CO. Over the NH ocean, the transported recent emissions
decrease faster than the background CO at 500 hPa at a
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Figure 4.6: The monthly mean CO VMRs for Ma c to May, 2006, using PDFs
for the NH land (upper left panel), NH ocean (upper right panel), SH land (lower
left panel), and SH ocean (lower right panel), for daytime only.
and cloud-cleared cases where the cloud clearing masks the otherwise different
two populations of b ckground and ecent emissions (see the lower left panel in
Fig 4.6). Note, however, this could be partly due to the large sampling differences
over the biomass burning regions, where the MODIS cloud mask can mistakenly
identify smoke as cl uds, thus res lting in very few clear pixels.
The CO variability for the background and the recent emissions is analyzed
separately in this section, and only the clear sky cases are discussed. We use the
modes of the fitted Gaussian functions from each monthly PDF to represent the
averaged CO values based on the fact that, for Gaussian function, the mode
is the same as the mean. The tropospheric CO histogram distributions can be
considered, to a good accuracy, as the superposition of two Gaussian functions.
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Figure 7. Tropospheric CO variability at 500 hPa from 2003 through 2012, which uses the modes of the fitted 
Gaussian functions for each monthly PDF to represent biases, for the recent emissions (red curves) and the 
background (blue curves), and for NH land (top left panel), NH ocean (top right panel), SH land (bottom left panel), 
and SH ocean (bottom right panel), respectively. 
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Fig. 7. Tropospheric CO variability at 500 hPa from 20 3 through 2012, w ich uses t e modes f the fitted Gaussian functions for each
monthly PDF to represent biases, for the recent emissions (red curves) and the background (blue curves), and for NH land (top left panel),
NH ocean (top right panel), SH land (bottom left panel), and SH ocean (bottom right panel), respectively.
rate of  1.95 ppbv yr 1 (emissions) and  1.18 ppbv yr 1
(background). The background CO over the ocean de-
creases at a slower rate than the recent emissions; this
may be due to a lack of mixing over ocean compared to
over land. The CO rates of decrease are lower in the SH
than in the NH, with the recent emissions decreasing at a
rate of  0.14 ppbv yr 1 and background CO decreasing at
 0.28 ppbv yr 1, at 500 hPa over land. Over the SH ocean,
the CO decreasing trends are similar for the transported re-
cent emissions ( 0.85 ppbv yr 1) and the background val-
ues ( 0.62 ppbv yr 1). The fact that the emission reduction
in the NH is larger compared to the SH indicates that the
primary cause of the emission reduction is the change in pol-
lution sources due to implementation of regulation regimes,
and is also likely associated with economic slowdown in the
last decade (Worden et al., 2013; He et al., 2013).
For comparison purposes, Table 1 also listed the trends for
the un-segregated CO VMRs at 500 hPa for clear (leftmost
column) and cloud-cleared conditions (left second column),
as also shown in Fig. 5. The short-term CO trends for clear
and cloud-cleared retrievals are very similar (i.e., with differ-
ences less than  0.07 (ppbv yr 1)) except for the SH land
cases, where the difference is  0.22 (ppbv yr 1); in both
cases, the trends of cloud-cleared decrease faster than those
of the clear. The trends for the segregated background CO
and the recent emissions are larger than the un-segregated
CO trends, especially over land, where the trends of the re-
cent emissions are nearly double of the clear un-segregated
values.
To quantify the quality of the emission data from AIRS
CO, we compare them with existing biomass burning and
anthropogenic emission inventories. The version 3 of the
Global Fire Emissions Database (GFED3) biomass burning
inventory (Van der Werf et al., 2010) used a revised version
of the Carnegie-Ames-Stanford-Approach (CASA) biogeo-
chemical model and improved satellite-derived estimates of
area burned, fire activity, and plant productivity to calculate
fire emissions for the 1997–2009 period on a 0.5⇥ 0.5 degree
spatial resolution with a monthly time step. For November
2000 onwards, estimates were based on burned area, ac-
tive fire detections, and plant productivity from the MODIS
sensor. For anthropogenic emissions that exclude biomass
burnings, we use the data that were produced as part of the
MACC/CityZEN UE (MACCity) project and are available
in the Ether/ECCAD-GEIA database. The data set MACC-
ity is part of the Atmospheric Chemistry and Climate Model
Intercomparison Project (ACCMIP), and focuses on the an-
thropogenic emissions from 1960 to 2010 with a spatial res-
olution of 0.5⇥ 0.5 .
Figure 8a shows the variability of AIRS CO recent
emissions (red dotted curves) and that of other inven-
tory data (green dotted curves), i.e., the total amount of
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Fig re 4.7: Tropospheric CO variability t 500 Pa fro 2003 through 2012, which
uses the mo es f the fi ted Gaussian functions fo each monthly PDF to represent
biases, for th recent emissions (red curves) and the background (blue curves), and
for NH land (top left panel), NH ocean (top right panel), SH land (bottom left
panel), and SH ocean (bottom right panel), respectively.
Trop spher c CO variability from 2003 through 2012 is summarized in Fig. 4.7 for
both the background values a d the recent emissions for NH land (top left panel),
NH ocean (top right panel), SH land (bottom left pa el), and SH oc an (bottom
right p nel), respectively. The back round values are shown n blue and the recent
emissions in ed. In general, decreasing CO trends in both th background and
recent emis ions are evident ove most of the years, which agre with results from
previous studies (Worden et al., 2013; He et al., 2013).
The trends for the same period are calculated from the change in CO VMRs in
ppbv per year, and the fitting parameters are listed in Table 1 for un-segregated
clear sky conditions (leftmost column), un-segregated cloud-cleared (left second
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column), recent emissions (middle column), and background under clear condi-
tions (right column). The trends are computed using a least squares linear fit.
Additionally, we use only full years so the trend estimates are not affected by sea-
sons. The trend is significant at greater than 2σ everywhere except the background
fit over the SH land (1σ) and the fresh emissions over the SH land, where the CO
emissions are due to large and somewhat irregular biomass burning events.
The AIRS CO short-term trend in the NH from 2003 to the end of 2012 indi-
cates a reduction of −1.71 ppbv yr−1 at 500 hPa for both the recent emissions and
the background CO. Over the NH ocean, the transported recent emissions decrease
faster than the background CO at 500 hPa at a rate of −1.95 ppbv yr−1 (emissions)
and −1.18 ppbv yr−1 (background). The background CO over the ocean decreases
at a slower rate than the recent emissions; this may be due to a lack of mixing over
ocean compared to over land. The CO rates of decrease are lower in the SH than
in the NH, with the recent emissions decreasing at a rate of −0.14 ppbv yr−1 and
background CO decreasing at −0.28 ppbv yr−1, at 500 hPa over land. Over the SH
ocean, the CO decreasing trends are similar for the transported recent emissions
(−0.85 ppbv yr−1) and the background values (−0.62 ppbv yr−1). The fact that
the emission reduction in the NH is larger compared to the SH indicates that the
primary cause of the emission reduction is the change in pollution sources due to
implementation of regulation regimes, and is also likely associated with economic
slowdown in the last decade (Worden et al., 2013; He et al., 2013).
Table 4.1: The rates of the reduction (negative numbers) and increase (positive
numbers) of AIRS CO VMRs at 500 hPa for daytime values for the clear and
the cloud-cleared (left columns), and for the background values and the recent
emissions from under clear conditions (right columns). Units are ppbv yr−1.
AIRS CO VMRs at 500 hPa AIRS CO VMRs at 500 hPa
2003–2012 daytime 2003–2012 daytime
un-segregated
Clear Cloud-Cleared RE BG
NH land −1.28 −1.32 −1.71 −1.71
NH ocean −1.01 −1.07 −1.95 −1.18
SH land −0.07 −0.29 −0.14 −0.28
SH ocean −0.30 −0.23 −0.85 −0.62
For comparison purposes, Table 4.1 also listed the trends for the un-segregated
CO VMRs at 500 hPa for clear (leftmost column) and cloud-cleared conditions
(left second column), as also shown in Fig. 4.5a. The short-term CO trends for
clear and cloud-cleared retrievals are very similar (i.e., with differences less than
−0.07 (ppbv yr−1)) except for the SH land cases, where the difference is −0.22
(ppbv yr−1); in both cases, the trends of cloud-cleared decrease faster than those
100
of the clear. The trends for the segregated background CO and the recent emissions
are larger than the un-segregated CO trends, especially over land, where the trends
of the recent emissions are nearly double of the clear un-segregated values.
To quantify the quality of the emission data from AIRS CO, we compare them
with existing biomass burning and anthropogenic emission inventories. The version
3 of the Global Fire Emissions Database (GFED3) biomass burning inventory
(Van der Werf et al., 2010) used a revised version of the Carnegie-Ames-Stanford-
Approach (CASA) biogeochemical model and improved satellite-derived estimates
of area burned, fire activity, and plant productivity to calculate fire emissions for
the 1997–2009 period on a 0.5× 0.5 degree spatial resolution with a monthly time
step. For November 2000 onwards, estimates were based on burned area, active
fire detections, and plant productivity from the MODIS sensor. For anthropogenic
emissions that exclude biomass burnings, we use the data that were produced
as part of the MACC/CityZEN UE (MACCity) project and are available in the
Ether/ECCAD-GEIA database. The data set MACCity is part of the Atmospheric
Chemistry and Climate Model Intercomparison Project (ACCMIP), and focuses
on the anthropogenic emissions from 1960 to 2010 with a spatial resolution of
0.5× 0.5◦.
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Figure 8a. The variability of AIRS CO recent emissions (red dotted curves) and that of other inventory data (green 
dotted curves), i.e., the total amount of GFED3 biomass burning and MACCity anthropogenic emissions without 
biomass burning, for the NH (upper panel) and the SH (lower panel). The smoothed AIRS CO recent emissions (red 
solid curve), and the smoothed inventories (green solid curve) are also shown. A second-degree polynomial is used 
for the smoothing. 
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Fig. 8a. The variability of AIRS CO recent emissions (red dot-
ted curves) and that of other inventory data (green dotted curves),
i.e., the total amount of GFED3 biomass burning and MACCity an-
thropogenic emissions without biomass burning, for the NH (upper
panel) and the SH (lower panel). The smoothed AIRS CO new emis-
sions (red solid curve) and the smoothed inventories (green solid
curve) are also shown. A second-degree polynomial is used for the
smoothing.
GFED3 biomass burning and MACCity anthropogenic with-
out biomass burning emissions, for the NH (upper panel) and
the SH (lower panel). We have also filtered AIRS CO re-
cent emissions (red solid curve), and the inventories (green
solid curve), using a Butterworth third-order low-pass fil-
ter with a fast Fourier transform. Figure 8b shows the CO
emission inventories from theMACCity natural sources (red)
and GFED3 anthropogenic sources (blue) for the NH (up-
per panel) and the SH (lower panel). The seasonal and inter-
annual cycles agree very well in the time domain, although
the relative magnitude differences cannot be quantified be-
cause the units of the two data sets are different (see Fig. 8a).
In the NH, the maximum CO peaks in late winter and early
spring, while in some years (2006, 2007, 2008, and 2010)
there is a secondary maximum in the summer likely due to
biomass burning events. There is also a noticeable lag in the
AIRS recent emissions in the NH compared to the invento-
ries from 2006 to 2009, possibly due to the fact the smoothed
peaks in AIRS incorporated the summer burning events in
these years. In the SH, both the CO variability and the lo-
cation of the high peaks agree very well between AIRS CO
recent emissions and the inventories. There are two major
reasons the two data sets differ. First, AIRS measurements
are from 500 hPa and the inventory data is the estimate of the
net emission at the surface. Considering the CO lifetime in
the troposphere is 1 to 3 months, there could be a delay from
the time of the CO emission at the surface to it being ob-
served at 500 hPa, and, additionally, the CO can be accumu-
lated over some time. Second, the CO sensitivity from ther-
mal sensors depends on the surface thermal contrasts (Deeter
et al., 2007). Higher CO values are more likely to be observed
in the summer months than in the spring months.
We compute correlations between AIRS CO VMR re-
cent emissions and the total emission amount of GFED3 and
MACCity inventories for the NH and SH as shown in Fig. 9
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Figure 8b. The CO emission inventories (kg.m-2.s-1) from the MACCity natural sources (red) and GFED3 
anthropogenic sources (blue) for the NH (upper panel) and the SH (lower panel). 
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Fig. 8b. The CO emission inventories (kgm 2 s 1) from the MAC-
City natural sources (red) and GFED3 anthropogenic sources (blue)
for the NH (upper panel) and the SH (lower panel).
left panel and right panel, respectively. The correlation co-
efficients are 0.726 for the NH and 0.915 for the SH. The
higher correlation coefficient in the SH land cases is due to
the fact that most of the recently emitted CO is from large and
persistent fires, which are easier to detect by satellite sensors.
In the NH, the non-biomass burning anthropogenic emissions
are more difficult to quantify since the sensitivity of the ther-
mal sensors in the boundary layer (where pollution emission
is high) is low. The high degree of agreement between emis-
sions identified using only AIRS CO and using independent
inventory sources (as shown in Fig. 9) demonstrates the va-
lidity of this approach to separate recent emission from the
background CO using one satellite data set.
5 Summary
The goal of this study is to understand the global CO variabil-
ity and short-term trends for the CO background values and
recent emissions separately. We use an innovative approach
to separate statistically the recently emitted CO from the
background CO in the satellite data sets by using PDF anal-
yses. We have demonstrated that this technique works well
by showing high correlation between the AIRS CO emis-
sions we obtained and the established inventory database
(i.e., GFED3 and MACCity) with correlation coefficients of
0.726 in the NH and 0.915 in the SH.
To ensure that we used the highest quality data for this
study, we examined a potential error source due to the treat-
ment of clouds in AIRS retrieval algorithm. We first identi-
fied AIRS clear sky single FOV pixels by using collocated
MODIS cloud masks such that in each AIRS pixel 99% of
MODIS pixels are flagged as being clear. We found that,
overall, there is little difference in the location of the elevated
CO plumes between the clear sky cases and the cloud-cleared
retrievals. Under clear sky conditions, however, we showed
the DOFSs are higher than for the cloud-cleared cases. Al-
though the CO values do not exhibit high biases between the
clear sky and cloud-cleared conditions when statistically av-
eraged for the NH land, NH ocean, and SH ocean, the CO
www.atmos-chem-phys.net/13/12469/2013/ Atmos. Chem. Phys., 13, 12469–12479, 2013
Figure 4.8a: The vari bili y of AIRS CO recent emissions (red dott d curves) and
that of other inve tory data (green dotted curves), i.e., the total amount of GFED3
biomass burning and MACCity anthropogenic emissions without biomass burning,
for the NH (upper panel) and the SH (lower panel). The smoothed AIRS CO new
emissions (red solid curve) and the smoothed inventories (green solid curve) are
also shown. A second-degree polynomial is used for the smoothing.
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Fig. 8a. The variability of AIRS CO recent emissions (red dot-
ted curves) and that of other inventory data (green dotted curves),
i.e., the total amount of GFED3 biomass burning and MACCity an-
thropogenic emissions without biomass burning, for the NH (upper
panel) and the SH (lower panel). The smoothed AIRS CO new emis-
sions (red solid curve) and the smoothed inventories (green solid
curve) are also shown. A second-degree polynomial is used for the
smoothing.
GFED3 biomass burning and MACCity anthropogenic with-
out biomass burning emissions, for the NH (upper panel) and
the SH (lower panel). We have also filtered AIRS CO re-
cent emissions (red solid curve), and the inventories (green
solid curve), using a Butterworth third-order low-pass fil-
ter with a fast Fourier transform. Figure 8b shows the CO
emission inventories from theMACCity natural sources (red)
and GFED3 anthropogenic sources (blue) for the NH (up-
per panel) and the SH (lower panel). The seasonal and inter-
annual cycles agree very well in the time domain, although
the relative magnitude differences cannot be quantified be-
cause the units of the two data sets are different (see Fig. 8a).
In the NH, the maximum CO peaks in late winter and early
spring, while in some years (2006, 2007, 2008, and 2010)
there is a secondary maximum in the summer likely due to
biomass burning events. There is also a noticeable lag in the
AIRS recent emissions in the NH compared to the invento-
ries from 2006 to 2009, possibly due to the fact the smoothed
peaks in AIRS incorporated the summer burning events in
these years. In the SH, both the CO variability and the lo-
cation of the high peaks agree very well between AIRS CO
recent emissions and the inventories. There are two major
reasons the two data sets differ. First, AIRS measurements
are from 500 hPa and the inventory data is the estimate of the
net emission at the surface. Considering the CO lifetime in
the troposphere is 1 to 3 months, there could be a delay from
the time of the CO emission at the surface to it being ob-
served at 500 hPa, and, additionally, the CO can be accumu-
lated over some time. Second, the CO sensitivity from ther-
mal sensors depends on the surface thermal contrasts (Deeter
et al., 2007). Higher CO values are more likely to be observed
in the summer months than in the spring months.
We compute correlations between AIRS CO VMR re-
cent emissions and the total emission amount of GFED3 and
MACCity inventories for the NH and SH as shown in Fig. 9
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Figure 8b. The CO emission inventories (kg.m-2.s-1) from the MACCity natural sources (red) and GFED3 
anthropogenic sources (blue) for the NH (upper panel) and the SH (lower panel). 
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Fig. 8b. The CO emission inventories (kgm 2 s 1) from the MAC-
City natural sources (red) and GFED3 anthropogenic sources (blue)
for the NH (upper panel) and the SH (lower panel).
left panel and right panel, respectively. The correlation co-
efficients are 0.726 for the NH and 0.915 for the SH. The
higher correlation coefficient in the SH land cases is due to
the fact that most of the recently emitted CO is from large and
persistent fires, which are easier to detect by satellite sensors.
In the NH, the non-biomass burning anthropogenic emissions
are more difficult to quantify since the sensitivity of the ther-
mal sensors in the boundary layer (where pollution emission
is high) is low. The high degree of agreement between emis-
sions identified using only AIRS CO and using independent
inventory sources (as shown in Fig. 9) demonstrates the va-
lidity of this approach to separate recent emission from the
background CO using one satellite data set.
5 Summary
The goal of this study is to understand the global CO variabil-
ity and short-term trends for the CO background values and
recent emissions separately. We use an innovative approach
to separate statistically the recently emitted CO from the
background CO in the satellite data sets by using PDF anal-
yses. We have demonstrated that this technique works well
by showing high correlation between the AIRS CO emis-
sions we obtained and the established inventory database
(i.e., GFED3 and MACCity) with correlation coefficients of
0.726 in the NH and 0.915 in the SH.
To ensure that we used the highest quality data for this
study, we examined a potential error source due to the treat-
ment of clouds in AIRS retrieval algorithm. We first identi-
fied AIRS clear sky single FOV pixels by using collocated
MODIS cloud masks such that in each AIRS pixel 99% of
MODIS pixels are flagged as being clear. We found that,
overall, there is little difference in the location of the elevated
CO plumes between the clear sky cases and the cloud-cleared
retrievals. Under clear sky conditions, however, we showed
the DOFSs are higher than for the cloud-cleared cases. Al-
though the CO values do not exhibit high biases between the
clear sky and cloud-cleared conditions when statistically av-
eraged for the NH land, NH ocean, and SH ocean, the CO
www.atmos-chem-phys.net/13/12469/2013/ Atmos. Chem. Phys., 13, 12469–12479, 2013
Figure 4.8b: The CO emi ion inventories (kg m−2 s−1) from the MACCity natural
sources (red) and GFED3 anthropogenic sources (blue) for the NH (upper panel)
and the SH (lower panel).
Figure 4.8a shows the variability of AIRS CO recent emissions (red dotted
curves) and that of other inventory data (green dotted curves), i.e., the total
amount of GFED3 biomass bur ing and MACCity anthropogenic without biomass
burning emissions, for the NH (upper panel) and the SH (lower panel). We have
also filtered AIRS CO recent emissions (red solid curve), and the inventories (green
solid curve), using a Butterworth third-order low-pass filter with a fast Fourier
transform. Figure 4.8b shows the CO emission inventories fro the MACCity
natural sources (red) and GFED3 anthropogenic sources (blue) for the NH (upper
panel) and the SH (lower panel). The seasonal and inter-annual cycles agree very
well in the time domai , although the elative magnitude differences cannot be
quantified because the units of the two data sets are different (see Fig. 8a). In the
NH, the maximum CO peaks in late winter and early spring, while in some years
(2006, 2007, 2008, and 2010) there is a secondary maximum in the summer likely
due to biomass burning events. There is also a noticeable lag in the AIRS recent
emissions in the NH compared to the inventories from 2006 to 2009, possibly due to
the fact the smoothed peaks in AIRS incorporated the summer burning events in
these years. In the SH, both the CO variability and th location of the high peaks
agree very well between AIRS CO recent emissions and the inventories. There are
two major reasons the two data sets differ. First, AIRS measurements are from
500 hPa and the inventory data is the estimate of the net emission at the surface.
Considering the CO lifetime in the troposphere is 1 to 3 months, there could be
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a delay from the time of the CO emission at the surface to it being observed at
500 hPa, and, additionally, the CO can be accumulated over some time. Second,
the CO sensitivity from thermal sensors depends on the surface thermal contrasts
(Deeter et al., 2007). Higher CO values are more likely to be observed in the
summer months than in the spring months.
We compute correlations between AIRS CO VMR recent emissions and the
total emission amount of GFED3 and MACCity inventories for the NH and SH
as shown in Fig. 4.9 left panel and right panel, respectively. The correlation
coefficients are 0.726 for the NH and 0.915 for the SH. The higher correlation
coefficient in the SH land cases is due to the fact that most of the recently emitted
CO is from large and persistent fires, which are easier to detect by satellite sensors.
In the NH, the non-biomass burning anthropogenic emissions are more difficult to
quantify since the sensitivity of the thermal sensors in the boundary layer (where
pollution emission is high) is low. The high degree of agreement between emissions
identified using only AIRS CO and using independent inventory sources (as shown
in Fig. 9) demonstrates the validity of this approach to separate recent emission
from the background CO using one satellite data set.12478 J. Warner et al.: Tropospheric carbon monoxide variability from AIRS under clear and cloudy conditions
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Figure 9. The correlations between AIRS CO VMRs (ppbv) recent emissions at 500 hPa and the total emission 
amount of GFED3 and MACCity inventories for the NH (left panel) and SH (right panel), respectively. 
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Fig. 9. The correlations between AIRS CO VMRs (ppbv) recent
emissions at 500 hPa and the total emission amount of GFED3 and
MACCity inventories for the NH (left panel) and SH (right panel).
variability for clear sky cases is better represented. There-
fore, we only used clear sky cases for the variability and
short-term trend studies in Sect. 4.
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Figure 4.9: The correlations between AIRS CO VMRs (ppbv) recent emissions at
500 hPa and the total emission amount of GFED3 and MACCity inventories for
the NH (left panel) and SH (right panel).
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4.2.5 Summary
The goal of this study is to understand the global CO variability and short-term
trends for the CO background values and recent emissions separately. We use
an innovative approach to separate statistically the recently emitted CO from
the background CO in the satellite data sets by using PDF analyses. We have
demonstrated that this technique works well by showing high correlation between
the AIRS CO emissions we obtained and the established inventory database (i.e.,
GFED3 and MACCity) with correlation coefficients of 0.726 in the NH and 0.915
in the SH.
To ensure that we used the highest quality data for this study, we examined a
potential error source due to the treatment of clouds in AIRS retrieval algorithm.
We first identified AIRS clear sky single FOV pixels by using collocated MODIS
cloud masks such that in each AIRS pixel 99 % of MODIS pixels are flagged as
being clear. We found that, overall, there is little difference in the location of the
elevated CO plumes between the clear sky cases and the cloud-cleared retrievals.
Under clear sky conditions, however, we showed the DOFSs are higher than for the
cloud-cleared cases. Although the CO values do not exhibit high biases between
the clear sky and cloud-cleared conditions when statistically averaged for the NH
land, NH ocean, and SH ocean, the CO variability for clear sky cases is better
represented. Therefore, we only used clear sky cases for the variability and short-
term trend studies in Sect. 4.
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Here ends the article Warner et al. (2013).
4.3 A method applicable to other instruments:
Example of the Infrared Atmospheric Sound-
ing Interferometer IASI
The Infrared Atmospheric Sounding Interferometer (IASI) is a Fourier transform
spectrometer based on Michelson interferometer onboard the MetOp-A platform
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launched in 2006 by the European Space Agency (ESA) (http://www.esa.int/
Our_Activities/Observing_the_Earth/The_Living_Planet_Programme/Meteorological_
missions/MetOp/About_IASI). IASI has similar temporal and spatial coverage as
AIRS and both are hyper spectral thermal sensors. If both instruments cover the
2700-645 cm−1 spectral range, IASI has the higher number of spectral channels
(8461 against 2378 for AIRS). Another difference, the sun-synchronous polar orbit
of MetOp-A crosses the equator at 09:30 Local Time (LT) (descending node) while
Aqua’s orbit crosses the equator at 13:30 LT (ascending node). In this study, to
minimize biases, we used the IASI product retrieved by the National Oceanic and
Atmospheric Administration (NOAA) with an algorithm similar to that used for
AIRS (the AIRS physical retrieval algorithm, Susskind et al., 2003). Results were
originally presented in the discussion version of Warner et al. (2013) (http://www.
atmos-chem-phys-discuss.net/13/16337/2013/acpd-13-16337-2013.pdf) but
they were removed before the final publication due to the IASI insufficient length
of time record.
In the CO spectral domain (∼2000-2250 cm−1), IASI presents a larger spectral
resolution than AIRS (only covering the 2180-2220 cm−1 segment of the CO spec-
trum) as shown in Figure 4.10, although AIRS has the higher signal-to-noise ratio
(George et al., 2009).
In section 4.2, we showed that, for AIRS, the difference between clear sky
and cloud-cleared datasets is not large (except over SH land in summer). In this
section, since the cloud-clearing algorithm is the same for IASI and AIRS in the
NOAA retrieval, we assume that there is negligible difference between clear and
cloud-cleared datasets for IASI. Hence, IASI L2 cloud flag is thus used to identify
clear scenes. The reason of this different approach lies in the fact that we do not
intend to produce a climatological study with the IASI data, too short for this
purpose anyhow, but rather to show that the segregative analysis (background-
fresh emissions) is not only applicable to AIRS but also to any similar instrument.
IAIS CO product was validated against ground-based and airborne measure-
ments (Pommier et al., 2010; Klonecki et al., 2012; Kerzenmacher et al., 2012) as
well as against space-borne observations, including AIRS CO product (George et
al., 2009; Worden et al., 2013). However, these comparisons were performed using
the IASI product distributed by Eumetsat (Hurtmans et al., 2012). To my knowl-
edge, no comparison between AIRS CO and IASI CO as distributed by NOAA is
available. Hence, before applying the PDF analysis to the IASI dataset, I inter-
compared the AIRS and IASI CO VMRs, the aim being to highlight the areas and
seasons of discrepancies between the two datasets. Figure 4.11 shows AIRS, IASI
and the difference AIRS-IASI CO at 500 hPa, averaged from October 2008 to De-
cember 2012 for the months of December, January and February (DJF), March,
April and May (MAM), June, July and August (JJA) and September, October
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Figure 4.10: Brightness temperatures for AIRS’ (top) and IASI’s (bottom) spec-
trum with major atmospheric constituents.
and November (SON). The difference between the two datasets (bottom panel) re-
veals persistent problematic areas such as Antarctica, Greenland or Andes mainly
caused by the snow covered low surface emissivity. Areas where plumes of CO
extend over the ocean are subject to a negative bias (up to ∼15 ppmv), such as
the western coasts of equatorial Africa and South America in SON and DJF, and
the Pacific Asian coasts in MAM and JJA. Biases in the plume areas can partly be
explained because of the difference in the sampling time between the instruments
(09:30 LT descending node for IASI, 13:30 LT ascending node for AIRS). More
globally, AIRS CO is higher than IASI by 5-10 ppmv in the NH and 15-20 ppmv
in the SH. This is a known bias in the AIRS retrieval due to the use of a single
global a priori in the retrieval (Warner et al., 2010), and consistent with previous
validation studies (Warner et al., 2007; McMillan et al., 2011).
Aware of the biases between AIRS and IASI, I calculated the normalized PDFs
of the monthly IASI clear sky CO (for latitudes less than 60◦) and fitted each
monthly PDF with the double Gaussians representing the background and fresh
emissions of CO. Figure 4.12 shows the modes of both AIRS and IASI backgrounds
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Fig. 10. An example of the direct inter-comparison of CO VMRs at 500 hPa averaged over four
seasons for the years 2002–2011 (December–February in (a); March–May in (b); June–August
in (c); and September–November in (d) between AIRS (top panel), IASI (middle panel), and
the di◆erences (AIRS-IASI) (bottom panel), respectively.
16365
Figure 4.11: Inter-comparison of CO VMRs at 500 hPa averaged over four sea-
sons for the years 2002–2011 (December–February in (a); March–May in (b);
June–August in (c); and September–November in (d) between AIRS (top panel),
IASI (middle panel), and the differences (AIRS-IASI) (bottom panel), respectively.
and fresh emissions of CO from 2009 to 2013.
Except for CO peaks, like in March 2012, 2011 or October 2009 (possibly
attributed to the early stage of development of the methodology, which is still
user-dependent), the difference between background and fresh emissions from IASI
and AIRS observations are consistent with the biases observed in Fig. 4.11. Over
land, IASI and AIRS respective backgrounds and fresh emissions depict a similar
variability in both hemispheres. IASI is however low biased with respect to AIRS
(about 10 ppbv in background and 5 ppbv in fresh emissions on average) in the
NH. Almost no bias is observed in the SH. Over ocean, IASI is also low biased
with respect to AIRS, by about 10 ppbv for the fresh emissions and about 20 ppbv
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Figure 4.12: Same as Fig. 4.7 but from 2009 to 2013, and with IASI recent emis-
sions (orange) and background (cyan).
for the background, in the NH. We can also note a lesser regularity in the IASI
background with respect to that of AIRS. In the SH, IASI agrees well, although
slightly low biased, with AIRS both in fresh emissions and background during the
peak season (SON). Large biases (up to 20 ppbv) are however observed off peaks
in both fresh emissions and background.
4.4 Conclusions and perspectives
Long-term data records are essential for climatological studies. The 12 years of
AIRS records and the expected 15 years of mission for IASI (started in 2006) are
thus highly valuable to better understand the long-term variability of the carbon
monoxide and its impact in terms of air quality and climate change. Moreover,
the statistical analysis discussed in our study presents the unprecedented char-
acteristic to efficiently discriminate the CO background and the fresh emissions
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in the measurements. The analysis of the background and the emissions shows a
significant decrease (except SH land) in the mid-tropospheric CO over the 10-year
period (2003-2013), with, in most cases, a more accentuated decrease of the recent
emissions than the background. We later demonstrated that, although developed
for AIRS, this method is also applicable to other instruments, such as IASI. Over
a 4-year period (2009-2013), besides few peaks in the fresh emissions not seen in
the AIRS dataset, IASI CO background and recent emissions seasonal variabilities
are in good agreement with those of AIRS, depicting maxima (minima) in MAM
(SON) in the NH and conversely in the SH. Nonetheless, biases are observed and
present three main characteristics: 1) except in SH land, AIRS is high biased with
respect to IASI, both for emissions and background, 2) biases are larger over ocean
than over land, and 3) the difference between IASI and AIRS background is larger
than that between IASI and AIRS emissions (except in SH land). Finally, the
differentiation between background and fresh emissions opens the way for a pos-
sible near-real time biomass fire CO-based detection that could complement the
existing thermal-based system from MODIS (Justice et al., 2002).
AIRS and IASI ability to efficiently sound the mid-troposphere is now well
demonstrated. The arising question is then: Is it possible to obtain high accuracy
information in the lower and upper troposphere? The next chapter aims to an-
swer this issue by introducing two other instruments, the Tropospheric Emissions
Spectrometer (TES) and the Microwave Limb Sounder (MLS), whose sensitivities
are higher than AIRS in these regions.
109
110
Chapter 5
Improving the satellite sensitivity
and coverage for CO product
5.1 Motivations
In the previous chapter, the accent was put on the long-term records and their
importance for climatological studies of trace gases such as the carbon monoxide.
The nadir-viewing sounder AIRS onboard the Aqua platform was shown to be
a powerful tool to monitor the mid-tropospheric CO, allowing climatological and
short-term trend analyses. AIRS has the advantage of a large spatial coverage
with a cross-track scanning swath width of 1650 km, providing a daily near-global
coverage (∼70 %). However, despite a high accuracy in the mid-troposphere with
a positive bias estimated to 6-10 % in the NH mid-latitude (Warner et al.,2010;
McMillan et al., 2011) for the version 5 of the retrieval, AIRS sensitivity drops
in the lower troposphere as well as in the upper troposphere-lower stratosphere
(UTLS).
Low sensitivity in these regions becomes a problem when it comes to the ques-
tions of air quality or troposphere-to-stratosphere transport (TST). The CO pro-
duced at the surface by incomplete combustion such as natural biomass burning
or anthropogenic fuel burning is an ozone precursor and thus an indirect health
threatening pollutant for local population (Horner, 2000). In the upper tropo-
sphere, the CO is used as a transport marker for chemical and dynamical processes
that occur in the UTLS (Zahn et al, 2000; Hoor et al., 2004; Pan et al., 2007).
Because the CO has a lifetime of 1 to 3 months, it can be transported globally,
but without being well mixed in the troposphere. This makes CO an ideal tracer
of transport processes, that were shown to play a critical role in the atmospheric
chemistry.
Onboard the NASA Earth Observing System (EOS) A-train satellites, other
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instruments address complementary measurements of atmospheric CO where AIRS
lacks information. On the Aura platform, the Tropospheric Emission Spectrometer
(TES) is an infrared Fourier transform spectrometer providing both nadir- and
limb-viewing geometries at high spectral and spatial resolution (Beer et al., 2006).
TES has a better sensitivity than AIRS in the lower troposphere but a greatly
reduced coverage. Also on Aura, the Microwave Limb Sounder (MLS) produces
limb-viewing measurements of high vertical resolution in the UTLS region (Waters
et al., 2006), but as for TES, the MLS horizontal coverage is relatively low. The
CO sensor EOS fleet thus provides a rather complete overview of the atmosphere
from the lower troposphere to the stratosphere with the AIRS, TES and MLS near
simultaneous sampling time. Even so, these three datasets lack uniformity because
of their different characteristics and original goals.
Recently, Dr. Warner and her team developed a new CO product (Warner et al.,
2014). They merged AIRS measurements with those of TES and MLS in order to
provide a homogenized dataset that offers AIRS’ coverage but with a sensitivity
enhanced by the two other instruments. They adopted a data assimilation-like
approach with the particularity to be only based on satellite measurements rather
than the model output-measurements traditional couple. This freed the final result
from modeling uncertainties. For the needs of this study, I have been actively
involved in the validation phase. Methodology, first results, and a preliminary
validation have been published in the Atmospheric Chemistry and Physics journal.
The article is in the Appendix B.
In this chapter, I present a more complete and extended analysis of the fused
CO data, not proposed in the article. Concretely, I evaluated the AIRS-TES
combination in the lower and mid-troposphere with the help of the HIAPER1
Pole-to-Pole Observations (HIPPO) experiment, distinguishing the observations
performed in the NH from that performed in the SH. Similarly, I evaluated the
AIRS-MLS combination in the UTLS with the support of the HIPPO and the
Stratosphere-Troposphere Analyses of Regional Transport 2008 (START08) exper-
iments. The large number of airborne measurements available for this validation
not only allowed the differentiation NH-SH, but also a contrast between continen-
tal and oceanic area in the NH. Finally, I exploited this new product in a short case
study to demonstrate the potential of the fusion data for transport and chemistry
studies in the UTLS.
The second section of this chapter provides a description of the instruments.
The third section gives an overview of the methodology employed to merge the
data before the results are presented in the fourth section. Section five is dedicated
to the case study. The conclusions and perspective of this study close the chapter
in the sixth section.
1High-performance instrumented Airborne Platform for Environmental Research
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5.2 Instruments and datasets
Onboard the NASA EOS-Aura platform launched in 2004 on a sun-synchronous
orbit (crossing the equator at 13:45 LT ascending node) TES is a high resolution
infrared imaging Fourier transform spectrometer. It has both a limb and nadir
viewing capability and covers the 650-3050 cm−1 spectral range at spatial resolution
of 0.5× 5 km (nadir) and 2.3× 23 km (limb), for a surface coverage of 5.5× 8.5 km
(nadir) and 37× 23 km (limb) (tes.jpl.nasa.gov). The spectral resolution is
0.1 cm−1 (nadir) and 0.025 cm−1 (limb) (Beer, 2006). TES CO has been validated
by Luo et al. (2007) and show CO volume mixing ratio 0-10 % lower than in situ
observations, although within the measurements standard deviation. TES CO
retrieval version 3 (v3) used in this study presents a good agreement (within 10 %)
with respect to in situ measurements according to the validation report (Osterman,
2007).
MLS shares the same platform (Aura) with TES, its limb viewing geometry
allows observations of the millimeter and sub millimeter wavelength thermal emis-
sion. The instrument provides 240 profiles for each of the 14.5 daily orbits (Waters
et al., 2006). The CO measurement is made by the 240 GHz radiometer (MLS has a
total of 6 radiometers) through a total of 154 channels of 12.5 MHz width (Livesey
et al., 2008) from the UT to the lower mesosphere. MLS CO retrieval version 3.3
(v3) is used in this study, and presents a 4-5 km vertical and 400-700 km horizontal
resolution in the UTLS. The precision ranges from 14 to 19 ppbv with a system-
atic uncertainty of ± 30 ppbv and ± 30% between 215 and 100 hPa (Livesey et al.,
2011).
AIRS onboard the NASA EOS-Aqua platform was described in the previous
chapter.
5.3 Methodology
The next section aims to give a short introduction to data assimilation concepts.
The fusion technique is briefly summarized but it is not a topic of this Ph.D. dis-
sertation. It was introduced by Drs. Warner, Yang, and Wei (details are available
in Warner et al. (2014), in Appendix B).
5.3.1 Basic concepts of data assimilation
Developed and used for the first time in the mid-90s (Lorenc et al., 1995; Fisher
et al., 1995; Elbern et al., 1997), the purpose of data assimilation is to determine
as accurately as possible the true state of the atmosphere at a given time.
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Figure 5.1: (Clockwise from top left) Schematic representation of the sequential in-
termittent, non-sequential intermittent, non-sequential continuous and sequential
continuous assimilation (adapted from Bouttier and Courtier, 1999).
Past, present and future dynamical behavior of the atmosphere can rather
efficiently be simulated by numerical models as long as the initial state of the model
parameters is known and well defined. It is however challenging and uncommon
to obtain a complete set of data entirely defining all the model parameters for
a specific time. Data assimilation techniques are thus employed to statistically
combine a background information in the form of an a priori estimate, which
generally is provided by a model, with observations (Nichols, 2003). The end
product is an adjusted version of the background, corrected by the observations
and called analysis. The analysis becomes useful as a self-consistent diagnostic
of the atmosphere that results to be more accurate than a simple model output
and more homogeneous and complete than a set of observations. It can serve as
reference in validation exercises, or be used as an initial state input for weather
forecast. Ideally, the information is accumulated in time into the model state.
Data assimilation techniques can be of two different natures:
• When the observations are assimilated progressively from the past to the
present time of the analysis, the approach is called sequential assimilation
(Kalman, 1960). This method is applied for real-time assimilation.
• When past as well as future observations are used with respect to the present
time of the analysis, the assimilation is called non-sequential or retrospec-
tive (Dimet and Talagrand, 1986). This method is applied to reanalysis for
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example, where the window of observations gives a better estimate of the
initial state.
Both approaches can be intermittent, i.e. processed as a succession of small time
windows, or continuous, i.e. the assimilation is made for long periods, smoothing in
time the result (Bouttier and Courtier, 1999). The different assimilation principles
are summarized by a schematic representation in Figure 5.1.
5.3.2 Assimilation applied to AIRS and TES/MLS
For the product used in this study, a sequential continuous assimilation method
has been adapted in order to use AIRS measurements as the background field,
while TES and MLS are used as the observations. Figure 5.2 provides a schematic
view of the data fusion system based on the assimilation method.J. X. War er et al.: Global carbon monoxide products 105
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Fig. 1. Design of the satellite data fusion system, where AIRS operational V5 L2 retrievals are used as the 
background field, and TES or MLS measurements are added to the Kalman filter process as observations. 
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Fig. 1. Design of the satellite data fusion system, where AIRS oper-
ational V5 L2 retrievals are used as the background field, and TES
or MLS measurements are added to the Kalman filter process as
observations.
data represent a snapshot of a three-dimensional geophysical
field analogous to a model output. We do not attempt to eval-
uate any time variability in the CO field, but to simply com-
bine CO of collocated pixels from AIRS, TES, and/or MLS
that are part of the A-train satellite constellation and are mea-
sured within a short time period (15–30min). A major differ-
ence between this technique and traditional data assimilation
is that we do not use a model, which avoids uncertainties aris-
ing from model dynamics and transport issues. We follow a
formulation identical to the Kalman filter method, commonly
used in data assimilation (e.g. Lahoz et al., 2010), except we
exclude the transport by model dynamics.
The diagram in Fig. 1 illustrates the data fusion system,
where we start with AIRS operational version 5 (V5) level 2
(L2) retrievals, shown on the upper left corner, as the back-
ground field. Other products, such as TES or MLS, are added
to the Kalman filter process as observations where the rela-
tive weighting is influenced by the observation error covari-
ance from AIRS and TES or MLS retrievals. The output from
the analysis provides a three-dimensional field that incorpo-
rates measurements from AIRS, TES, and/or MLS. We show
that in the vertical region (lower troposphere and the UTLS)
where AIRS has low measurement sensitivity, the AIRS re-
trievals still provide the correct spatial variability (or spatial
patterns), even when they cannot reproduce the correct CO
magnitude. This system does not require a model to constrain
the physics of the geophysical fields, but rather uses AIRS
routine measurements to constrain the spatial and temporal
variability of the TES and MLS measurements.
The Kalman filter algorithm (Kalman, 1960) in general
form is as follows:
Xa = Xb + K(Xo   HXb), (1)
where the Kalman gain, K, is
K = PbHT (HPbHT + R) 1, (2)
where H is the linear observation operator which maps the
background state into the observational space, and Pb is the
background error covariance. The analysis state vector Xa is
the new estimate of the state vector, which has the same di-
mension as the background field (Xb), i.e., the current size
of the AIRS vector. The size of the observation vector Xo is
determined by the number of assimilated observations (TES
or MLS). The matrix R is the observational error covariance.
To prescribe R, we assumed that there is no global bias in the
TES CO measurements, nor a global bias between the AIRS
and TES CO measurements. Results from a bias correction
experiment where a crude approximation to the global bias
between AIRS and TES CO is made (not shown) indicate
that the assumption of no bias does not affect the data fusion
results adversely. Since the number of variables in the control
vector is not prohibitively large and R is assumed diagonal,
we compute the inverse matrix in the gain matrix (i.e., K)
directly. In data assimilation, including that applied to trace
gases, it is often a standard assumption to use a diagonal R
matrix, which assumes that there is no vertical or horizon-
tal correlation between different observations (see Stajner et
al., 2001; Tangborn et al., 2009). We realize that including
observation error correlations would have the effect of reduc-
ing the relative impact of each individual observation slightly
(depending on the correlation), and its omission here does
slightly degrade the accuracy of the final data set. However,
the purpose of this work is to demonstrate the viability of the
data fusion approach to combining satellite data sets, and fu-
ture enhancements to this work will include a more refined
observation error covariance.
When we apply the data fusion algorithm, Pb is the error
covariance for the AIRS satellite retrievals and is treated as
the standard background error covariance in data assimila-
tion. Satellite observations are often treated as spatially un-
correlated in data assimilation systems, but this is not strictly
accurate (Talagrand, 1997). In the application of the data fu-
sion technique, we assume a simple spatially decaying corre-
lation for Pb that can be easily tuned by changing the corre-
lation length scale, and by comparing the results with in situ
data.
The background error covariance Pb is constructed from
the error correlation matrix between any two locations in the
background state vector and the error variances of AIRS re-
trievals. It is defined as
Pb =
⇣
D1/2
⌘T
CD1/2, (3)
where C is the error correlation function and D is a diag-
onal matrix containing the error variances of the analyzed
species (El Amraoui et al., 2004). Following a general ap-
proach in data assimilation, we separate the vertical and hor-
izontal correlations (Daley and Barker, 2000; Errera and Mé-
nard, 2012). The spatial correlation matrix is equal to the ten-
sor product of the horizontal correlation matrix ⇢h and the
vertical correlation matrix ⇢v.
www.atmos-chem-phys.net/14/103/2014/ Atmos. Chem. Phys., 14, 103–114, 2014
Figure 5.2: Design of the satellite data fusion system, where AIRS operational V5
L2 retrievals are used as the background field, and TES or MLS measurements are
added to the Kalman filter process as observations (Figure 1, Warner et al., 2014).
Collocated pixels in time and space from AIRS and TES are used as input
fields for the lower and mid-troposphere. The approach is slightly different with
MLS since gridded data (3◦× 3◦ for AIRS and 6◦× 6◦ for MLS) are used instead
of single collocated profiles because of the MLS large horizontal resolution (∼400-
700 km). The resulting analysis has a 3◦× 3◦ resolution. AIRS and MLS serve
as input for the UTLS. Since all the instruments are part of the A-train satellite
fleet, all measurements from AIRS, TES and MLS are performed within a small
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temporal window (∼15 min), which eases their collocation. The output analysis
is a three-dimensional field characterized by the AIRS large coverage, adjusted by
the TES and MLS high accuracies. The final vertical grid of the analysis is based
on the AIRS pressure levels. AIRS and TES are combined from the surface to
80 hPa, while AIRS and MLS are combined in the 217-0.01 hPa pressure range.
An advantage of this method is that no model output is required to set the initial
parameters (since AIRS retrieval is used instead) so that the transport issues
recurrent in most models (mainly in the UTLS) are avoided. In the next section,
the results of AIRS-TES and AIRS-MLS fusion are presented and compared to in
situ data.
5.4 Results
The following sections present the results for the AIRS-TES fusion in the lower
and middle troposphere and then the AIRS-MLS combination in the UTLS.
5.4.1 The AIRS-TES combination in the troposphere
In a preliminary assessment (Warner et al., 2014), it was shown that TES obser-
vations efficiently adjust the input background. The strongest contribution occurs
in the lower troposphere, below 800 hPa, with differences between the analysis and
the retrievals up to ±40 ppbv. Furthermore, the analysis apparently presents a
CO content in this layer significantly more realistic according to previous studies
(Yurganov et al., 2008, Warner et al., 2010) than AIRS retrieval. The longitu-
dinal distribution also seems to be better represented, particularly in the large
plumes emanating from highly populated and polluted regions such as Europe,
eastern Asia, or north eastern USA. The preliminary assessment also included a
comparison with an airborne in situ CO vertical spiral profile measured during the
INTEX-B campaign on 4 March 2006 in the Gulf of Mexico (Singh et al., 2009)
as illustrated in Fig. 5.3. Further details on INTEX campaigns are given in the
next chapter. Compared to the in situ profile, the analysis is the most consistent
dataset at all levels (within 10-20 ppbv), while AIRS and TES alone show large
discrepancies.
In order to match the results to a statistically significant large sample, I es-
timated the discrepancies between retrievals (AIRS and TES) and analysis with
respect to in situ airborne measurements from the HIPPO experiment (http:
//hippo.ornl.gov/), funded by the National Science Foundation (NSF) and op-
erated by the Earth Observing Laboratory (EOL) of the National Center for Atmo-
spheric Research (NCAR) (Wofsy, 2011). Although the study of the carbon cycle
and greenhouse gases was the principal goal of the project, more than 90 different
116
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Fig. 8. Curtain plot validation against INTEX-B for AIRS and TES nadir pixels with DACOM CO (top 
panel), TES CO (2nd panel), AIRS CO (3rd panel), and analyzed CO (bottom panel), respectively.  
 
Fig. 8. Curtain plot validation against INTEX-B for AIRS and TES
nadir pixels with DACOM CO (top panel), TES CO (2nd panel),
AIRS CO (3rd panel), and analyzed CO (bottom panel), respec-
tively.
combines the best information characteristics from each sen-
sor. The fact that the combined CO profile agrees with the in
situ data better than both AIRS and TES is largely due to the
effect of the influence from neighboring pixels and from dif-
ferent height regions. The center panel shows the AIRS AKs,
which indicate that the AIRS measurement information is
primarily in the mid-troposphere, peaking at approximately
500 hPa. The right panel shows TES AKs at three selected
retrieval pressure levels (825, 510, and 215 hPa), indicating
that, for this example, the maximum information responsi-
ble for the lower-troposphere CO retrievals peaks at levels
just above 900 hPa where the top of the boundary layer is
usually located (see blue line in right hand panel of Fig. 9).
Although the final form of the AKs for the combined CO
profiles, a nonlinear summation of the AKs from AIRS and
TES, is not presented here, the combined information con-
tent should increase in the lower atmosphere based on the
contribution from TES.
To extend our validation efforts, we compared the data
fusion output with recently available in situ measurements
from the HIAPER Pole-to- Pole Observations (HIPPO) ex-
periment, which took place from January of 2009 to Septem-
ber 2011 (Wofsy et al., 2012). The merged 10 s best CO
measurements are used (http://hippo.ornl.gov/dataaccess)
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Fig. 9. A profile validation against the DACOM in situ CO measurements on 4 March 2006 (left hand 
panel) with DACOM CO (green curve), AIRS CO (cyan line), TES CO (blue line), and combined, 
analyzed CO (red line). Middle panel shows AIRS AKs and right hand panel shows TES AKs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.A profile validation against the DACOM in situ COmeasure-
ments on 4 March 2006 (left hand panel) with DACOM CO (green
curve), AIRS CO (cyan line), TES CO (blue line), and combined,
analyzed CO (red line). Middle panel shows AIRS AKs and right
hand panel shows TES AKs.
(HIPPO_Merged_Data_Users_Guide_20121130). TES CO
data are available for HIPPO-1 (8–30 January 2009) and
HIPPO-2 (31 October–22 November 2009) flights, but not
for HIPPO-3 (24 March–16 April 2010), HIPPO-4 (14 June–
11 July 2011), and HIPPO-5 (9 August–9 September 2011)
periods. We initially carried out this data fusion study when
only TES V3 CO products were available, which apply to
all results presented in earlier sections. Although newer TES
CO products are available, the principle and advantages of
the data fusion methodology still apply using TES V3 CO.
We attempt, however, to demonstrate the full potential of the
technique and use the latest TES V5 CO in the HIPPO vali-
dation.
Figure 10 shows a summary of the differences between
the combined CO from AIRS and TES and CO from both
HIPPO-1 and HIPPO-2 flights. The averaged differences
(HIPPO  retrievals) for all available cases are plotted at 41
vertical levels throughout the troposphere for AIRS (blue),
TES (cyan), and for the combined product (red), respec-
tively. Related error bars are computed from the 1  stan-
dard deviations of the differences between the observations
and the retrievals. The CO field errors below 700 hPa are
reduced by more than half, from 19.9 ppbv to 8.7 ppbv at
766 hPa and from 33.4 ppbv to 11.9 ppbv at 918 hPa. In the
mid-troposphere (350–600 hPa), TES average errors (10–
14.3 ppbv) are twice as high as for AIRS ( 1.1 to 5.4 ppbv)
in magnitude with similar SDs. Note that the errors are de-
fined by HIPPO CO minus the retrievals, so the negative
values indicate an overestimate by the retrievals. The errors
for both AIRS and the combined AIRS and TES are below
5 ppbv, with AIRS-retrieved CO lower than the HIPPO mea-
surements and the combined CO slightly higher than HIPPO
Atmos. Chem. Phys., 14, 103–114, 2014 www.atmos-chem-phys.net/14/103/2014/
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Fig. 4. The footprints of AIRS and TES special observations for March 4, 2006, where the squares 
represent AIRS CO mixing ratios (ppbv) at 500 hPa, the filled circles represent those for TES, and the 
black box outlines the location of the DC-8 in situ spiral profile. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The footprints of AIRS and TES special observations for 4
M rch 2006, where the squares repres nt AIRS CO mixing ratios
(ppbv) at 500 hPa, the filled circles represent those for TES, and the
black box outlines the location of the DC-8 in situ spiral profile.
the global coverage of AIRS to produce daily maps. Results
show that in vertical regions where AIRS has lower mea-
surement sensitivity, i.e., the lower and upper troposphere,
the retrievals can still provide sufficient spatial variability (or
patterns), even though they may not be able to produce the
correct magnitude (see Fig. 4). Consequently, the TES CO
profiles are horizontally distributed based on the AIRS vari-
ances.
We first demonstrate the overall performance of data
fusion applied to global AIRS and TES CO data using
the methodology described in Sect. 3. The monthly grid-
averaged zonal means for March 2006 are shown in Fig. 5
for AIRS CO (left top panel), the analyzed CO (left mid-
dle panel), the analysis increment (i.e., the analysis minus
background) (left bottom panel), and AIRS CO interpolated
to TES locations (right top panel), TES CO (right middle
panel), and TES minus AIRS (TMA) (right bottom panel).
CO data are averaged in 1  ⇥ 1  latitude and longitude grid
boxes. The CO data range of the zonal mean analysis has
increased significantly, especially in the lower troposphere,
compared with the background AIRS CO values shown by
the left column top two panels, as mirrored by the differences
between TES and AIRS on the right. This is an improve-
ment over AIRS V5 CO retrievals based on previous studies
(Warner et al., 2010; Yurganov et al., 2008). Quantatively, the
analysis increment shows a decrease in the Southern Hemi-
sphere (SH) lower troposphere of more than 40 ppbv (parts
per billion volume) and an increase in the Northern Hemi-
sphere (NH) lower troposphere of as much as 40 ppbv. The
analysis increment is minimal in the mid-troposphere be-
tween 400 and 600 hPa to within ±10 ppbv. There are also
highly increased values of the analysis increment at the trop-
ics and decreased values at mid- and high latitudes above
250 hPa in the UTLS. These results show improvements in
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Fig. 5. Grid averaged monthly zonal means with AIRS CO (left top panel), analyzed CO (left middle 
panel), analysis increment (left bottom panel), AIRS CO interpolated to TES location (right top panel); 
TES CO (right middle panel); and OMF showing TES minus AIRS CO (right bottom panel). 
Fig. 5. Grid-av raged monthly zonal means with AIRS CO (left top
panel), analyzed CO (left middle panel), analysis increment (left
bottom panel), AIRS CO interpolated to TES location (right top
panel), TES CO (right middle panel), and TMA showing TESminus
AIRS CO (right bottom panel).
all vertical regions compared to the AIRS V5 CO products
based on our previous experience.
The horizontal CO distribution at approximately 944 hPa
from a monthly mean grid-averaged data set for March 2006
is shown in Fig. 6 with TES CO (top panel), AIRS CO (mid-
dle pa el), nd the nalyz d CO (bottom panel). The analy-
sis from the data fusion scheme presents much more realis-
tic CO values based on our previous knowledge and valida-
tion results compared with the background CO values from
AIRS. In particular, the CO analyses show distinct plumes in
the NH associated with emissions and the SH shows the ex-
pected relatively low values of CO. The analyzed CO agrees
better with TES CO than with AIRS CO, with higher CO
v lues in the NH and low r values in the SH compared to
AIRS, and it provides much better continuity in data cover-
age compared with TES CO values. Similarly, Fig. 7 shows
the monthly mean grid-averaged CO distribution at approx-
imately 506 hPa. Unlike at 944 hPa, the analyzed CO distri-
bution is very similar to the AIRS background CO. Note that
these examples use monthly mean results to demonstrate the
stability of the technique over time, and the ain advantage
Atmos. Chem. Phys., 14, 103–114, 2014 www.atmos-chem-phy .net/14/103/2014/
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Figure 5.3: (a) Footprints of AIRS and TES special observ tions for 4 March
2006, where the squares represent AIRS CO mixing ratios (ppbv) at 500 hPa, the
filled circles represent those for TES, and the black box outlines the location of
t DACOM in situ spiral profile (Figure 4, Warner et al., 2014). (b) Curtain
plot validation against INTEX-B for AIRS and TES nadir pixels with DACOM
CO (top panel), TES CO (2nd panel), AIRS CO (3rd panel), and analyzed CO
(bottom panel), respectively (Figure 8, Warner et al., 2014).
species were measured during HIPPO. This includes z ne, water vapor, aerosols,
fluorocarb n, hydroca bon, peroxyacyl itrates (PAN), sulfur and ocean-derived
gases. The NSF-NCAR Gulfstream V (GV, formerly referre to as HIAPER) air-
craft was deployed during the five HIPPO campaigns, which took place in the
Pacific region, from 85◦ N to 67◦ S, betwe n 2009 and 2011. HIPPO missions 1
to 5 (see Figure 5.6) were conducted in January 2009, October-November 2009,
March-April 2010, June-July 2011 and August-September 2011, respectively, so
t at th proj ct spanned all seasons. The flight p terns were designed to sample
mid-tropospheric profiles in the 800-8500 m altitude range every 2.2◦ latitu e. In
addition, the aircraft reached the maxim m altitude of about 14 km in the UTLS
twice per flight in average. In total, the GV aircraft performed 787 profiles result-
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ing in more than 150,000 observations. Nonetheless, only the two first missions
(HIPPO-1 and HIPPO-2) were coincident with the available TES data, and have
been used for validation.
The methodology is as follows: for each HIPPO measurement (merged 10 s
CO.X product, based on the best available data, http://hippo.ornl.gov/node/
14), I sought the closest triptych of geophysical parameters longitude-latitude-
pressure among the data fusion dataset, differentiating day and night. If several
HIPPO observations match to the same data fusion longitude-latitude-pressure
triptych, then these observations are averaged. Collocated measures are stored
in two similar grids of 3◦ longitude per 3◦ latitude and 100 pressure levels (corre-
sponding to the AIRS pressure levels). Finally, the difference between these two
grids is calculated. The methodology is the same when HIPPO measurements are
compared to AIRS or TES observations, except that for TES 28 pressure levels
are used. The average difference between HIPPO and the matching AIRS, TES
and analysis CO mixing ratio is shown in Figure 5.4.
Figure 5.4: (Left) Differences between HIPPO-1 and HIPPO-2 missions and AIRS
(blue), TES (cyan), and the combined CO (red) from the surface to 200 hPa (Figure
10, Warner et al., 2014). (Middle) Same as left but for the northern hemisphere
only. (Right) Same as left but for the southern hemisphere only. Related error
bars are computed from the 1σ standard deviations of the differences between the
observations and the retrievals.
When considering both hemispheres (left panel), the combined AIRS/TES
overestimates the lower tropospheric CO, with the largest discrepancies near the
surface where ∆CO reaches -18 ppbv. This overestimation decreases with altitude
until ∼600 hPa. From 600 to 300 hPa, the data fusion slightly underestimates by
at most 5 ppbv the CO mixing ratio. At pressure less than 300 hPa, ∆CO be-
comes negative again. When compared to the difference between AIRS or TES
retrievals alone with respect to HIPPO, two main characteristics stand out. First,
in the lower troposphere, although overestimating slightly more the CO content
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than the TES retrieval does, the data fusion is greatly improved with respect to
the AIRS retrieval. The improvement is maximal near the surface (about 30 ppbv
or 62 % better than AIRS -48 ppbv ∆CO) and reduces with altitude. This can be
explained by the very large bias in the AIRS retrieval observed in the SH (∆CO
over -60 ppbv near the surface), which is well adjusted by the TES retrieval (right
panel). It is also worth to mention that the inter-hemispheric data fusion 1σ stan-
dard deviation is reduced with respect to that of AIRS and TES. This results from
a net improvement in the NH (middle panel). The numerous CO sources in the
NH, either natural or anthropogenic, participate to increase AIRS and TES stan-
dard deviations, which can reach more than 30 ppbv. The data fusion standard
deviation is however reduced by up to a factor 2 (15 ppbv or less). Second, in the
mid-troposphere (around 500 hPa), no significant improvement is observed from
the data fusion with respect to AIRS retrieval as the mid-troposphere is the layer
where AIRS already has its largest sensitivity. In the NH, the TES 10-20 ppbv
underestimation results in a 0-5 ppbv degradation of the data fusion with respect
to AIRS. Conversely, in the SH, while TES underestimates the CO by 0-5 ppbv
and AIRS overestimates it by 5-10 ppbv, the data fusion improves the AIRS over-
estimation with a ∆CO ranging from 0 to -5 ppbv.
In summary, the combined AIRS/TES presents a significant advantage over
AIRS alone in the lower troposphere, at pressure greater than ∼600 hPa, where
biases and standard deviations are reduced with respect to the background.
5.4.2 The AIRS-MLS combination in the UTLS
In the UTLS, AIRS and MLS have been combined as previously described to form
the data fusion. Figure 5.5 shows the data fusion (left panel) as well as the MLS
(middle panel) and AIRS (right panel) retrievals alone in the upper troposphere at
146 hPa on 2 August 2012. The CO mixing ratio measured by AIRS ranges from 50
to 80 ppbv, with peaks over 100 ppbv in the eastern Siberia region. An hemispheric
gradient is also visible with 5-10 ppbv more CO in the NH than in the SH. AIRS
CO observations are, outside the tropics, well above the expected mixing ratio at
a pressure of 146 hPa. Nonetheless, it is not surprising as the instrument has low
sensitivity at this level and most of the retrieved information originates from the
mid-troposphere. MLS however, shows more realistic features with 50-80 ppbv in
the tropics, but less than 40 ppbv at high latitudes. Peaks of CO (over 80 ppbv)
are seen over the northern Africa and Arabic peninsula. Plumes of CO are also
visible off the coast of Japan and western Africa. Once combined, the data fusion
shows the features observed with MLS with an adjusted CO content with respect
to AIRS (i.e. the African source is preeminent while the Siberians are minimized,
the plumes are better defined, and the poles have less CO than the tropics). Values
of CO in the data fusion are very similar to those of MLS.
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Figure 5.5: (Left) Combined AIRS/MLS CO mixing ratio (ppbv) at 146 hPa on 2
August 2012. (Middle) Same as left but for MLS only. (Right) Same as left but
for AIRS only.
HIPPO STAR08 
April 
May 
June 
STA T08 
Figure 5.6: (Left) HIPPO flights 1 to 5 (red, yellow, green, blue, and purple,
respectively). (Right) START08 flights for April (pink), May (green) and June
(cyan) 2008.
START08 as well as all five HIPPO missions are used for validation pur-
poses. START08 was an airborne NSF–NCAR experiment conducted over North
America (Pan et al., 2009). The experiment focused on the extra tropical upper
troposphere-lower stratosphere and addressed the questions of extra tropical and
multiple tropopauses in terms of dynamical and chemical transport processes, the
role of extra tropical convection, and the Stratosphere-Troposphere exchange geo-
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graphic variability. Trace gases and microphysical measurements were collected by
various instruments onboard the NSF-NCAR GV aircraft. During 6 weeks, from
April to June 2008, eighteen flights of nearly 8 hours each were performed over
USA and Canada (see Figure 5.6). The flights altitude ranged from the surface to
the extra tropical UTLS region at about 14 km.
I followed the same protocol as presented in the previous section to match
and compare airborne in situ measurements to the data fusion, AIRS, and MLS
retrievals. Note that for MLS I used its 26-pressure levels and 6◦ longitude per
6◦ latitude grid.
With respect to the in situ airborne measurements of the START08 experiment
(Fig. 5.7), the combined AIRS/MLS overestimates the CO mixing ratio by 15-
25 ppbv from 220 to 130 hPa. This represents an improvement with respect to
the AIRS background over the entire pressure range, from a few ppbv around
200 hPa to a 15 ppbv (or 49 %) reduction of the overestimation near 146 hPa. MLS
alone underestimates the CO content (13 ppbv) at 215 hPa with a large ±39 ppbv
standard deviation, and slightly overestimates it by 2±17 ppbv at 146 hPa.112 J. X. Warner et al.: Global carbon monoxide products
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Fig. 12. Validation of the combined AIRS and MLS CO VMRs (ppbv) (red lines) in the UTLS region 
using HIPPO (HIPPO – Retrievals) with 1-sigma SDVs, compared with AIRS CO VMRs (ppbv) (blue 
lines). Positive differences indicate that the data fusion approach works well in the UTLS regions with an 
error reduction of approximately half at most levels.   
Fig. 12. Validation of the co bined AIRS and MLS CO VMRs
(ppbv) (red lines) in the UTLS regions using HIPPO (HIPPO
 retrievals) with 1  SDs, compared with AIRS CO VMRs (ppbv)
(blue lines). Positive differences indicate that the data fusion ap-
proach works well in the UTLS regions with an error reduction of
approximately half at most levels.
the difference plot between HIPPO CO and the satellite prod-
ucts (HIPPO minus retrievals), shown as the blue curve for
AIRS V5 CO, cyan curve for MLS CO, and the red curve
for the combined AIRS and MLS CO in Fig. 12. The solid
lines are the average errors showing 5 to 10 ppbv improve-
ments for the height levels above 220 hPa over using AIRS
data alone. The SDs have been improved by approximately
5 ppbv, from 20–25 ppbv to 15–20 ppbv above 220 hPa. The
MLS average error is very low (⇠ 2.1 ppbv) at 146.8 hPa, and
it provides CO information to the combined product, which
is an improvement over AIRS alone. Meanwhile, the SDs
are reduced from 18.9 ppbv to 16.7 ppbv compared to the
MLS-only CO. The MLS CO average error is relatively high
( 17.8 ppbv) (CO retrievals greater than HIPPO CO), with
SDs at 36.0 ppbv at pressure level 215 hPa, which is given
less weight in the data fusion of AIRS and MLS. The im-
provement of SDs using the combined CO at 217.7 hPa over
MLS CO is significant from 36.0 ppbv to 19.8 ppbv.
5 Summary
Multiple sensors (AIRS, TES, and MLS) on the A-train sys-
tem make correlative CO measurements within a short time
period (15–30min). Based on differences between their mea-
surement techniques, each sensor provides unique charac-
teristics. This study seeks to combine these data sets with-
out using a chemistry transport model, an approach that dif-
fers from traditional data assimilation. This approach, called
data fusion, avoids uncertainties arising from model dynam-
ics and transport issues, and provides a new set of measure-
ments only from satellite sensors in that the analysis is not
dependent on model information. Results from this study
have shown that the technique works well, generally provid-
ing improved CO products compared with those from each
individual sensor. The combined AIRS and TES CO prod-
ucts showed improvements of 10 to 40 ppbv, and the com-
bined AIRS and MLS CO products showed improvements
of 10 to 20 ppbv above 175 hPa, based on validation using
INTEX-B and HIPPO in situ measurements. The combined
data sets retain the twice-daily nearly global coverage due
to AIRS’s wide swaths and the implementation of a cloud-
clearing algorithm that reconstructs cloudy pixels to recover
more than 50% of the daily measurements, compared to less
than 10% clear-sky coverage.
This study provides a new framework to combine different
measurements without the use of a model. We have demon-
strated the feasibility of the data fusion technique using A-
train measurements from AIRS, TES, and MLS. However,
this technique can be easily adapted to include direct and in
situ measurements and/or other satellite products, and take
advantage of the mature approaches developed in the field of
data assimilation. Further studies will examine in detail error
estimation and the constraints provided by satellite products.
Data fusion for other atmospheric species such as ozone and
water vapor using this technique is also possible and should
benefit chemical and dynamical studies of the UTLS.
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Figure 5.7: Validation of the combi ed AIRS/MLS CO mixing ratio (ppbv) (red)
in the UTLS regions using START08 with 1σ standard deviations, compared with
AIRS (blue) and MLS (cyan) retrievals.
When considering the measurements produced during the HIPPO experiment
(Fig. 5.8, left panel), the data fusion also overestimates the CO content by 8-
18 ppbv in the same pressure range. It improves nonetheless, by 5 to 12 ppbv com-
pared to AIRS retrieval alone. Also, because HIPPO measurements were produced
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both in the NH and in the SH, the middle and right panels respectively discrimi-
nate the two hemispheres. In the NH, the data fusion overestimation ranges from
10 to 30 ppbv with an improvement with respect to AIRS of 5 ppbv (or 20 %) at
215 hPa and up to ∼20 ppbv (or 52 %) near 155 hPa. In the SH, the data fusion
overestimation is only 5-15 ppbv with 2-8 ppbv (or 13 to 48 %) improvement with
respect to the background. In both cases, MLS overestimates the CO at 125 hPa
(∆CO down to -17±32 ppbv in the NH and -19±45 ppbv in the SH) with large
standard deviation probably caused by the smaller number of MLS profiles with
respect to those of AIRS. At 146 hPa, the MLS standard deviation is smaller and
the difference with HIPPO shows ∆CO of 5 ppbv in the NH and -2 ppbv in the
SH. The smaller standard deviation reflects a lesser CO variability, probably less
frequently transported to this level. Finally, the data are also differentiated in the
NH between oceanic (Fig. 5.9, left panel) and continental (Fig. 5.9, right panel).
Over ocean, like in the SH, the data fusion is in rather good agreement with the
in situ measurements (overestimation smaller than 15 ppbv) but the matched data
are only available up to 165 hPa. Over land, the difference between HIPPO and
data fusion as well as that of HIPPO and AIRS are consistent with that calculated
for START08, i.e. a 15-35 ppbv overestimation of the data fusion and a 35-45 ppbv
overestimation of AIRS. In both cases, MLS overestimates the CO content by
∼15 ppbv at 215 hPa with large standard deviation, and by 5 ppbv at 146 hPa
above land. At the same level ∆CO is positive above ocean (18 ppbv). Remark-
ably, the 146 hPa MLS standard deviation is larger above land (±25 ppbv) than
above ocean (±10 ppbv), which is consistent with the more intense continental
convective activity that can more frequently inject CO in the upper troposphere
than the oceanic convection.
Figure 5.8: (Left) Same as Fig. 5.7 but using HIPPO (Figure 12, Warner et al.,
2014). (Middle) Same as Fig. 5.7 but using HIPPO in the NH only. (Right) Same
as Fig. 5.7 but using HIPPO in the SH only.
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In summary, the AIRS and MLS combination always results to be an improve-
ment with respect to the AIRS retrieval, which systematically overestimates the
CO mixing ratio in the UTLS. Furthermore, the improvement is found to be greater
in the NH than in the SH and over land than over ocean.
Figure 5.9: (Left) Same as Fig. 5.7 but using HIPPO for NH ocean only. (Right)
Same as Fig. 5.7 but using HIPPO for NH land only.
5.5 Case Study: convective lofting of CO
This section presents the advantage of the AIRS/MLS combined dataset in UTLS
transport studies. The selected example illustrates how a convective system trans-
ports air masses with high CO content from the lower troposphere to detrain them
in the UTLS. Numerous studies focused on the convective lofting of CO into the
UTLS using satellite data (Li et al., 2005; Ricaud et al., 2007; Schoeberl et al.,
2008; Liu and Zipser, 2009, Gonzi and Palmer, 2010; Pumphrey et al., 2011) but
none of them was based on a data fusion dataset.
Fig. 5.10 shows the CO mixing ratio for three consecutive days (August 1, 2,
and 3, 2012, from left to right, respectively) over Africa, at 506 (bottom row), 146
(middle row), and 114 hPa (top row). A mid-tropospheric plume of CO is detected
during three consecutive days in the southern part of Africa, displaying large
mixing ratio (greater than 180 ppbv) near the equator. This plume results from
biomass burning as austral winter is the season of large natural fires in the southern
hemisphere (Liu et al., 2010). In the UTLS, the continental CO distribution on
August 1 and 3 is homogeneous, with values below 90 ppbv at 146 hPa and below
80 ppbv at 114 hPa. However, on August 2, the CO mixing ratio rises north to the
equator to values well above 100 ppbv at 146 hPa, spreading over a large area from
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Figure 5.10: CO mixing ratio (ppbv) over Africa from combined AIRS/MLS at
3 pressure levels (506, 146, and 114 hPa, from bottom to top, respectively) on
August 1, 2, and 3, 2012 (from left to right, respectively). Red dotted line (middle
top) show the MOZAIC flight passes.
Figure 5.11: (Left) Combined AIRS/MLS vertical CO mixing ratio from 20◦S
to 20◦N along the 13.5◦ meridian. (Middle) MOZAIC Flight 1 CO mixing ratio
averaged in 3◦x3◦ bins on AIRS pressure levels along the flight pass. (Right) Same
as middle but for MOZAIC Flight 2.
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-5◦S to 25◦N and 5◦E to 25◦E, with a peak over 120 ppbv above the Cameroun
region. This feature is also observed at 114 hPa where the mixing ratio reaches
90 ppbv.
The vertical distribution of CO from 20◦S to 20◦N along the 13.5◦ meridian
(Fig. 5.11, left panel) displays the rise of the CO mixing ratio, maximal near
5◦N and up to ∼100 hPa on August 2, 2012. This increase in CO is confirmed
by the in situ measurements from the Measurements of OZone, water vapour,
carbon monoxide and nitrogen oxides by in-service AIrbus airCraft (MOZAIC,
www.iagos.fr/mozaic), which automatically and regularly monitors trace gases
thanks to sensors onboard long range passenger airliners (Marenco et al., 1998;
Nedelec et al., 2003), and shows a peak of CO between 0 and 10◦N at 250-200 hPa.
The flight 1 (Fig. 5.11, middle panel) starts on August 01, 21:00 UTC and ends on
August 02, 04:00 UTC and the flight 2 (Fig. 5.11, right panel) starts on August 02,
19:00 UTC and ends on August 03, 02:00 UTC, while the A-train overpasses the
region around 12:00 UTC. Flight passes are represented on the middle top panel
of Fig. 5.10. For the needs of the analysis, MOZAIC data were averaged in 3◦x3◦
bins, at the same pressure levels as those used for the data fusion.
Figure 5.12: CloudSat cloud reflectivity from the CloudSat Data Processing
Center Quicklook Images Archive (http://www.cloudsat.cira.colostate.edu/
dpcstatusQL.php) on August 2, 2012. The yellow circle shows the convective sys-
tem position.
125
The CloudSat’s Cloud Profiling Radar (CPR) profile on August 2, 2012 was an-
alyzed in order to investigate the origin of the rise in CO mixing ratio. CPR is the
only instrument onboard CloudSat, a NASA A-train platform. It is a millimeter-
wavelength nadir sensor operating at 3.2 mm (94 GHz) with a 1.3-1.7 km footprint
sampling, 70-dB dynamic range, and 480 m vertical resolution (Stephens et al.,
2008). Designed to improve the understanding of the aerosol effects on clouds and
precipitation, the radar reflectivity provides information on cloud microphysics
and internal vertical structure. On August 2, 2012, a large meso-scale convective
system extending over several hundred kilometers around 10◦N, with cloud top
penetrating well into the UTLS region (up to ∼100 hPa) was observed by CPR-
Cloudsat as shown on Fig. 5.12.
Fig. 5.13 shows the vertical distribution of CO from the lower troposphere
to the lower stratosphere along the CloudSat track on August 1, 2, and 3, 2012
(from left to right, respectively). Black solid and dotted contours (middle panel)
show the cloud external border and deep core (-20 and 10 dBz, respectively) as
revealed by CloudSat radar reflectivity on August 2, 2012. The storm detrains
the equatorial tropospheric CO-rich air into the UTLS where it rapidly spreads
due to the strong horizontal mixing in this layer, resulting in the observed striking
increase of CO mixing ratio between 250 and 100 hPa.
Figure 5.13: (From left to right) Combined AIRS/MLS vertical CO mixing ratio
(ppbv) along the Cloudsat track on August 1, 2, and 3, 2012, respectively. Black
solid and dotted contour on August 2 represent the CPR-CloudSat -20 and 10 dBz
cloud reflexivity, respectively.
I used this case study as example in my NASA Postdoctoral Program (NPP)
proposal ‘Variability of carbon monoxide, ozone, and water vapor from composite
observations in the upper troposphere-lower stratosphere over the most convective
regions’, submitted in June 2014.
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5.6 Conclusions and perspectives
In summary, a homogeneous global carbon monoxide dataset, extending from the
surface to the stratosphere, has been developed merging the characteristics of the
A-train satellites sensors (Warner et al., 2014). AIRS large coverage was associated
to the TES high sensitivity in the lower troposphere and MLS high sensitivity in
the upper troposphere-lower stratosphere and beyond. This approach allows a
daily global CO coverage that TES or MLS alone do not provide.
Validation against in situ airborne measurements carried out both in the NH
and in the SH as well as over land and over ocean, demonstrates how the data
fusion significantly improves the AIRS background. The biggest improvements
are observed in the lower tropospheric SH (with most of the measurements per-
formed over the ocean) and in the upper tropospheric NH (mostly over land) where
the difference against in situ measurements is approximately reduced in half for
combined AIRS/TES and AIRS/MLS compared to AIRS retrievals.
In a case study, I demonstrated the benefits of combining different datasets
for trace gases convective transport studies in the UTLS region. The AIRS/MLS
combined product was able to capture an upper tropospheric rise of CO injected
by a large meso-scale convective system, which is in agreement with in situ obser-
vations. MLS retrieval would only have been available along the satellite track in
a narrow path at and above 215 hPa, thus missing most of the information such
as the location where most CO was injected, the extent of the spreading in the
UTLS, and the CO distribution on the vertical below the 215 hPa level. This exam-
ple illustrates a typical case of convective activity impacting the UTLS chemistry,
with a storm detraining equatorial tropospheric CO-rich air into the UTLS, and it
demonstrates how data fusion can improve our comprehension of the phenomenon.
These results were obtained by applying a data assimilation scheme with mea-
surements as only input (AIRS retrieval as background and TES-MLS retrievals
as observations) and without the use of a model. To be independent from model
data has the advantage to bypass the uncertainties and errors commonly found in
chemistry-transport models in terms of dynamics and transport in sensitive zones
such as the UTLS. However, satellite data fusion is not without uncertainties and
constraints. The results presented in this chapter aim to prove the feasibility
of combining satellite measurements and only observation errors were accounted
for in the present case. A refinement of the error estimation in the assimilation
algorithm is under processing by Dr. Warner’s team.
Finally, it is worth mentioning that data fusion using assimilation techniques
is not exclusively reserved to CO but can be applied to other atmospheric species
such as ozone or water vapor, which also are key molecules for the troposphere-to-
stratosphere exchanges, air quality or climate studies. Also, it can be reproduced
for other satellite instruments as well as in situ sensor measurements as input data.
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Measurements and analysis methods exist and are performing well, including
those presented in this dissertation. However, the results would be more accurate if
the retrieval itself was enhanced, hence the new version (V6) of the AIRS retrieval
and the consequences for the CO measurements are presented and discussed in the
next chapter.
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Chapter 6
A first validation of AIRS CO
operational product version 6
Previous chapters demonstrated the key role of space-borne thermal hyperspectral
sensors in their ability to daily monitor atmospheric trace gases at large scale, with
an emphasis on the AIRS carbon monoxide product. However, the lack of sensitiv-
ity in the lower troposphere and in the upper troposphere-lower stratosphere, as
well as the overestimation of the SH CO content in AIRS V5 CO data are intrinsic
retrieval challenges that reduce the accuracy and then limit the range of possi-
ble applications. With data fusions, adjustments are possible, but the final result
highly depends on the quality of the background input, e.g. the AIRS retrieval.
Analyses presented in chapters 4 and 5 both relied on the AIRS retrieval version
5, the available version at the time when these studies were conducted. Nonethe-
less, AIRS version 6 (V6) have recently been released and CO performance and
improvements were introduced and tested by Dr. Warner’s team and reported
jointly with other AIRS V6 products (as edited by Dang et al., 2012) in product
guides (http://airs.jpl.nasa.gov/data/). However, extensive validation was
needed. I carried out the task to study the impact of the new product by compar-
ing more than 10 years of CO V5 with V6. A complete assessment versus in situ
measurements complements the study.
In this Chapter, the evolution from V5 to V6 is presented in the first section.
Then, in section 2, I analyze how the new algorithm affects the CO product and
what are the differences with respect to V5, followed by a comprehensive validation
against in situ data in section 3. Section 4 concludes this chapter with summary
and perspectives.
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6.1 Overview of the updates in the version 6 of
the AIRS retrieval
AIRS version 6 has been released in 2013, and data are now available to the
public through the NASA GES DISC website (http://daac.gsfc.nasa.gov/).
Modifications since the last version principally affect the Level 2, as Level 11
product mostly remain the same as in V5.
6.1.1 General updates
Changes from V5 to V6 are introduced in the data documentation (http://disc.
sci.gsfc.nasa.gov/AIRS/documentation/v6_docs/v6releasedocs-1/V6_Changes_
from_V5.pdf) edited by Olsen et al. (2013) and summarized below.
In the troposphere, the yield became significantly larger in V6 than in V5.
Where ∼17 % of the V5 retrieval was rejected because of restrictive filters, includ-
ing systematic removal of pixels assumed as more than 90 % cloudy, V6 retrieval
has a rejection rate smaller than 1 %. Information can now be extracted from
nearly all but completely overcast cases. Data in V6 come with their estimated
error and quality flags so that a user can decide what level of filtering he needs.
V6 offers refined information on the cloud effective fraction and cloud parame-
ters (cloud top temperature and pressure) by using AIRS single fields of view rather
than constraining all 9 of them to the same parameters as in V5. As a result, the
number of low cloud retrieved is larger than in the previous version. Furthermore,
V6 has newly available cloud optical depth, particle size and thermodynamical
phase of moisture cloud products.
With the surface skin temperature now only determined from the shortwave
channels (2358-2664 cm−1), the surface properties (temperature and humidity) are
improved both over land and ocean.
The major change lies in the update of the first guess (also called a priori infor-
mation) used in the V6 retrieval. The a priori state of the atmosphere previously
calculated with a linear regression is now generated via a neural network2, which
has the advantage of a slower degradation of the result with the increase of the
cloud cover.
1Level 0 products are the raw data at full instrument resolution. Level 1 are the reconstructed
calibrated data. Level 2 provides geophysical variables derived from Level 1 and is the most used
for scientific applications.
2A neural network, also referred as artificial neural network, is a device based on the parallel
architecture of a computing system made of several interconnected processing elements (Blackwell
and Chen, 2009). Neural networks are inspired by the real biological nervous system of the
mammal brain, although the number of connections is far lower in the artificial networks.
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6.1.2 Specific update for the CO product
A short presentation of the major updates brought by the V6 of the AIRS retrieval
was made in the previous section. Focusing on the carbon monoxide retrieval, the
change of higher interest is the new first guess CO profiles (Dang et al., 2012).
In version 5, the a priori information was a single profile used globally without
distinction between seasons (McMillan et al., 2011). This profile was a combination
of the MOPITT version 3 a priori profile, statistical information processed from
aircraft measurements and chemical-transport model output from NCAR (Pan et
al., 1998), and a climatological profile from the Air Force Geophysics Laboratory
(AFGL) at pressure less than 7 hPa. In the version 6, the single global profile
has been replaced by monthly climatologies, separately in the NH and in the SH
with a smooth transition at the equator. The monthly mean climatologies were
obtained averaging the three dimensional, 2.8◦× 2.8◦ grid output of the NCAR
Model of Ozone and Related Tracers (MOZART, Brasseur et al., 1998) over the
2002-2009 period (Dang et al., 2012). Note that the MOZART output is averaged
after being interpolated to AIRS spatial and temporal resolutions. The boundary
layer is a simple extrapolation of its upper level. For pressure less than 30 hPa,
the same AFGL climatology as in V5 is used.
Figure 6.1 shows the tropospheric monthly variation of the CO a priori used
in the AIRS V6 retrieval. In the NH (top panel), the highest CO mixing ratios
are in the lowermost troposphere, increasing from ∼100 ppbv in summer (June-
August) to ∼160 ppbv in winter (December-February). The high winter mixing
ratio decreases with height, while the summer CO remains rather constant from
the surface to 300 hPa. At lower pressure, the annual variability is weak and the
CO decreases with height throughout the year. In the SH, the maximum of CO
(∼90 ppbv) is found in August-September and from the surface to 300 hPa. In
February-April, the concentration slightly increases by about 10 ppbv with height
until a maximum in the mid-troposphere.
In the equatorial region (15◦N, 15◦S), the a priori is calculated for each layer
with a smooth latitudinal transition with the following relation:
CO profile(lat) = (1− x)×NH CO profile+ x× SH CO profile (6.1)
with x = 15−lat30 .
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Figure 72 Monthy variation of CO used as the first guess for AIRS retrieval of CO. 
NH 
SH 
Figure 6.1: Monthly variabilit of the first guess in the AIRS retrieval version
6 from 0 to 90◦ latitude in both hemispheres (Figure 72, Dang et al., 2012).
6.2 Impact of the version 6 on the CO product
Before the analyses of large datasets, the results of the preliminary tests performed
by Dr. Warner’s team for March 4, 2006, are summarized in the next paragraph.
6.2.1 AIRS team estimations
As part of the Performance and Test Report (edited by Dang et al., 2012), the
V6 was compared to the V5 results at global scale, on March 4, 2006. The same
day, both V5 and V6 were matched to two airborne spiral profiles, one above the
Gulf of Mexico and one over Birmingham, Alabama. At global scale, they found
that the difference between V5 and V6 CO total column is characterized by an
improvement of the newest version by approximately 15 %. The V6 CO is higher
in the NH and lower in the SH, which is also an improvement considering the
known AIRS biases highlighted in previous studies (Warner et al., 2010; McMillan
et al., 2011). The authors also found that V6 better estimates the CO over land
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and at night with respect to V5. When compared to in situ spiral profiles from the
INTEX-B experiment, AIRS V6 shows more realistic results, mostly in the lower
troposphere, where the CO mixing ratio is improved by 20-30 ppbv (10-15 %), and
to a lesser extent in the mid-troposphere with an improvement of 5-10 ppbv (5-
10 %). In both cases the better results of the version 6 are directly linked to the
new a priori information.
6.2.2 CO seasonal and spatial variability
To evaluate how the new a priori affects the CO retrieval, I averaged seasonal CO
mixing ratios for both V6 and V5 from January 2003 to December 2012 into a
2◦× 2◦ grid over all latitudes and all longitudes at 500 hPa. Seasons were divided
into four periods: December-February (DJF), March-April (MAM), June-August
(JJA) and September-November (SON). Daytime and night-time measurements
were treated independently. Figure 6.2a shows the daytime CO at 500 hPa as
retrieved in V6 (top panels), in V5 (middle panels) and their difference V6-V5
(bottom panels) hereafter referred as ∆CO, for the four seasons. A positive ∆CO
means that V6 has a higher CO mixing ratio than V5 and conversely for negative
∆CO.
In DJF, over ocean, except for the extra tropical Atlantic, ∆CO is mainly
positive (1-4 ppbv) in NH and negative (3-5 ppbv below zero) in SH. In the plume
on the western coast of central Africa, ∆CO rises up to 22 ppbv. Over land,
∆CO is negative (-8-0 ppbv) at all latitudes below 45◦N, except for areas of high
emission (e.g. central Africa, and South Eastern China), or high mountains (e.g. the
Tibetan plateau). At latitudes greater than 45◦N, continental ∆CO is positive
with peaks above Greenland and Siberia over 20 ppbv. In MAM, ∆CO has the
largest hemispheric gradient, consistent with the new a priori maximum in the
NH and minimum in the SH at this season. Again, ∆CO over ocean is negative
(4-8 ppbv below zero) in the SH and positive (1-14 ppbv) in the NH with peaks in
the West African, West South American, East North American, and East Chinese
coastal plumes, up to 15 ppbv. Continental ∆CO is similar to that of DJF at
latitudes less than 45◦N, and positive at greater latitudes with peaks in Greenland
and northern Canada and Siberia, up to 12 ppbv. ∆CO also shows positive values
above Antarctica, although both V5 and V6 present abnormally high mixing ratios.
In JJA, the contrast between V6 and V5 is of a lesser extent, but the general
patterns remain the same. ∆CO is negative above SH oceans (1-5 ppbv) and
positive above NH oceans (1-2 ppbv). Oceanic plumes (West South American,
West African, North East North American, and North East Asian coasts) have
high ∆CO values reaching 8-12 ppbv. Above continents, ∆CO is mostly negative
(-5-0 ppbv) except in central Africa, Greenland and Antarctica. In SON, oceanic
∆CO is the weakest of all seasons (±2 ppbv) except in the African and South
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Figure 6.2a: Daytime CO mixing ratio in ppbv at 506 hPa averaged from 2003
to 2012 into four seasons: December-February (top left), March-May (top right),
June-August (bottom left) and September-November (bottom right). Each plot
shows (from top to bottom) V6, V5 and the V6-V5 difference.
American plumes peaking at 23 ppbv and to a lesser extent in the North East
Indian ocean (5 ppbv). Continental ∆CO is very similar to that of JJA except
over the Amazonian region where positive values are observed (5-10 ppbv) and
Antarctica (up to 20 ppbv).
Figure 6.2b is the same as Fig. 6.2a but for night-time only. Above ocean,
∆CO is very similar to that of daytime. However, the CO mixing ratio is slightly
smaller than in daytime and weak plumes, such as in the North West Atlantic
in JJA, are not well captured, even in V6. Above continents, during the night,
the thermal contrast, weaker than during the day, makes the IR measurements
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more difficult (Rodgers, 2000). As a result, both versions underestimate the CO
content up to 50 ppbv with respect to daytime. Nonetheless, ∆CO is positive in
the NH in DJF and MAM, which is consistent with the NH maximum of a priori
(see Fig. 6.1), and negative in the SH. In SON, almost all continental areas have
a positive ∆CO, both in NH and SH, also consistent with the conjunction of the
SH and NH maximum a priori. JJA presents weak differences between the two
retrievals. The greater dependency during the night-time of V5 and V6 to the a
Figure 6.2b: Same as Fig. 6.2a but for night-time.
priori is due to the lower degree of freedom of the signal. Degree of freedom is
low when the thermal contrast is low, such as at night above land or over ice and
snow, which can produce the observed artifacts above Greenland or Antarctica.
In consequence, the daytime only will be considered in the rest of this chapter.
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6.2.3 Trends and temporal variability
We now consider the daily variability, from September 2002 to December 2012,
averaged for land and ocean both in the NH and SH. The daily averaged V5
CO (red dots) and V6 CO (blue dots) at 500 hPa and their respective standard
deviation (orange and cyan vertical bars, respectively) are showed in Figure 6.3.
Both versions capture the same main seasonal variability (peaks in MAM in the
NH and SON in the SH) as well as smaller inter-annual variations such as the
minor secondary peaks occurring during the low-CO season (August in NH and
March in SH).
Table 6.1: Linear slope of the AIRS V6 (left column), V5 (middle column) and
the V6-V5 difference (right column) CO retrieval at 500 hPa. Units are ppbv yr−1
with the 1σ standard deviation in parenthesis.
V6 V5 V6-V5
NH Land -1.4(0.10) -1.35(0.10) -0.05
NH Ocean -1.11(0.09) -0.97(0.08) -0.14
SH Land -0.71(0.13) -0.67(0.12) -0.04
SH Ocean -0.38(0.08) -0.32(0.07) -0.06
The largest differences between the retrievals are found above the NH ocean.
On average over the whole time range, V6 is larger than V5 by 4.12 ppbv (4.3 %
of V5) above ocean.
Above land, V6 is slightly smaller than V5 by 1.48 ppbv (1.3 % of V5). However,
if we only consider land at latitudes greater than 45◦N, V6 is larger than V5 by
2.05 ppbv (1.8 % of V5), while at latitudes smaller than 45◦N, V6 is smaller than
V5 by 3.53 ppbv (3.1 % of V5) (not shown on Fig. 6.3). In the SH, on average, V6
is smaller than V5 by 1.82 ppbv (2 % of V5) above land and 2.69 ppbv (3.2 % of
V5) above ocean.
Trends are calculated for both versions and linear fits are represented in Fig. 6.3.
As in chapter 4, trends are computed using a least squares linear function. Nonethe-
less, values can differ from those in Table 4.1 (cloud-cleared) for two reasons: 1) in
the present study, I use four more months at the beginning of the dataset (October-
December 2002) that were not considered in chapter 4, and 2) CO is daily averaged
(in comparison of the monthly averages in chapter 4). Divergences in the trend
values (with respect to chapter 4) are not emphasized here because the purpose is
to compare the impact of the version on the trends. Trends over NH and SH land
and ocean, for V6, V5 and the difference trendV 6–trendV 5 are shown in Table 6.1.
Over NH land, SH land, and SH ocean, trends for both versions are very similar,
with a difference between V6 and V5 smaller than their standard deviation. Over
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Figure 6.3: (From top to bottom) NH land, NH ocean, SH land and SH ocean
daily CO mixing ratios in ppbv at 500 hPa as retrieved in V6 (blue dots) and V5
(red dots). Orange and cyan vertical bars show the daily standard deviation for
V5 and V6, repectively. Linear trends are represented for V6 (black solid) and V5
(black dashed).
NH ocean however, V6 shows a decreasing trend 0.14 ppbv yr−1 larger than V5,
and greater than its 1σ standard deviation (±0.09). This can be explained by
the NH CO plumes that are better characterized in V6 as shown in the previous
section. Recently, Worden et al. (2013) compared the trends of MOPITT, AIRS
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(V5), TES and IASI averaged CO column for different time ranges. Although of
similar order and sign, AIRS V5 trends systematically resulted to have the smallest
decrease of all the instruments. The larger CO decreasing trend in V6 compared
to V5 is then an indication of improvement of the new version.
6.3 Validation against in situ measurements
The comparison with V5 provides indications on where and when V6 retrievals
have an impact on the CO product. It is however crucial to determine whether or
not these differences are improving the quality of the measurements.
Properly determining the accuracy of satellite measurements requires evaluat-
ing their deviations from the true state of the atmosphere, in our case the CO
content. In situ measurements offer a good reference, within the sensor uncertain-
ties, of the true value with a high resolution. In situ sensors cannot, however, cover
large areas and have to be transported (such as by balloon, aircraft or ship) to
increase the spatial sampling. Large measurement campaigns are thus organized
with the purpose to study the atmosphere chemistry and dynamics via the sam-
pling of representative areas (continental, oceanic, polar, extra-tropical, tropical,
sub-tropical, and so on). The data collected during these campaigns are the most
reliable sources for satellite validation. Hence, campaign data from North America
and Pacific Ocean are used for the AIRS V6 validation in the following section.
6.3.1 Airborne campaigns in the Pacific
AIRS V6 and V5 are first compared to HIPPO observations, the NSF-NCAR
experiment introduced in the previous chapter. HIPPO flights consist in measure-
ments at various altitudes along the flight path. The CO.X 10-second merged data
is used, and each measurement is compared to AIRS V5 and V6 using the follow-
ing methodology. For each HIPPO measurement in the NH, a ±3-hour window
was selected to match AIRS data. Within this window, the closest AIRS profile
within 10◦ with respect to the longitude and latitude of the HIPPO observation
was used. Additionally, the closest pressure levels to the HIPPO observations are
selected from the 100-level of the AIRS CO product. If the resulting AIRS point
(e.g. triptych longitude-latitude-pressure) is the same for several HIPPO obser-
vations, then the HIPPO values are averaged. Once all HIPPO measurements
matched, the average and standard deviation of the difference AIRS-HIPPO are
calculated. The same methodology is applied in the SH except that no time win-
dow was used because of the lesser diurnal variability of the CO in the Southern
Pacific with respect to the NH. In both hemispheres, only daytime data were
considered.
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Figure 6.4: (Left) NH averaged difference between AIRS retrievals V5 (red) and
V6 (blue) and HIPPO observations, and 1σ standard deviation, in March-April
2010 (top), June-September 2011 (middle), and January plus October-November
2009 (bottom). (Right) Same as left but for the SH. The location of the coincident
observations (red dots) are shown on a map for each season.
Because I highlighted that the retrieval is not impacted the same way with re-
spect to the season and hemisphere, I differentiated NH and SH as well as the pe-
riod of the year. Figure 6.4 shows the averaged difference AIRS-HIPPO, hereafter
∆CO, in March-April 2010 (boreal spring) corresponding to the HIPPO mission
3 (top), in June-September 2011 (boreal summer) corresponding to the HIPPO
missions 4 and 5 (middle), and in January and October-November 2009 (boreal
winter) corresponding to the HIPPO missions 1 and 2 (bottom). A map with the
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location of the collocated measurements (red dots) is shown for each season.
During the boreal spring, in the NH, V6 underestimates the CO mixing ratio by
at most 8 ppbv in the lower troposphere (1000-700 hPa) and up to 20 ppbv around
500 hPa. By comparison, V5 shows a 20 to 40 ppbv underestimation of the CO
mixing ratio from the surface to the mid-troposphere. In the upper troposphere,
V6 and V5 overestimate the CO content by 20 and 30 ppbv, respectively. In the
SH, V6 slightly overestimates the CO content by 5-15 ppbv in all the troposphere
while V5 greatly overestimates it at pressure greater than 600 hPa (up to 65 ppbv
at the surface). For pressure less than 600 hPa, the biases in V5 and V6 are
similar. During the boreal summer, in the NH, both V6 and V5 overestimate the
CO concentration by 20 and 35 ppbv, respectively, at the surface and by ∼ 5 ppbv
at 600 hPa. ∆CO is within ± 5 ppbv in the mid-troposphere for both versions.
As in boreal spring, CO in the UT is overestimated by about 30 ppbv with no
significant difference between V6 and V5. In the SH, ∆CO for both versions is
similar to that of the boreal spring. During the boreal winter, in the NH, V6
overestimates the CO content by 10 to 40 ppbv while V5 ranges from 5 to 20 ppbv
between 1000 and 900 hPa and nearly zero up to 700 Pa. In the mid-troposphere,
V5 underestimates the CO mixing ratio 10 ppbv more than V6. In the UT, V6
and V5 overestimate CO by 15 and 20 ppbv, respectively. In the SH, both versions
are again similar to that of the boreal spring.
In summary, V6 most often presents reduced biases against HIPPO compared
to V5, with the largest improvements (∼40 ppbv) in the SH lowermost troposphere
(pressure greater than ∼ 600 hPa). In the middle troposphere, biases for both
version are very small, typically less than ± 10 ppbv, except in boreal spring. In
the UT, both versions always overestimate the CO mixing ratio by 10-30 ppbv.
Finally, V5 is only found less biased than V6 during the boreal winter in the NH
lower troposphere.
6.3.2 Airborne campaigns in North America
In 2004, the Intercontinental Chemical Transport Experiment (INTEX, https:
//cloud1.arc.nasa.gov/intex-na/) was launched as part of the NASA Tropo-
spheric Chemistry Program (Singh et al., 2006). The objectives were to study the
transport and chemistry of tropospheric trace gases and aerosols over the North
American continent, and their impact on air quality and climate. INTEX also
aimed to provide measurements dedicated to the validation of satellite observa-
tions. The experiment mostly relied on a variety of science aircraft measurements
but also involved meteorological and chemical forecasts, satellite observations and
ozone probes. Two NASA airborne platforms, the DC-8 and the J-31, were ded-
icated to the measurements for the satellite validation objective. The J-31 was
equipped to measure cloud and aerosol properties. The DC-8 focused on trace
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gases, including the CO. Onboard the latter, the Differential Absorption CO mea-
surement (DACOM) instrument (Sachse et al., 1987), a tunable laser diode sensor,
provided high precision CO measurements. DC-8 flights consisted in spirals from 0
to 12 km. Note that we only use those coincident with the ‘A-train’ satellite over-
passes. INTEX was a two-phase experiment. The phase North America (INTEX-
NA) was conducted in the summer 2004 (july-August) over North America with
a focus on eastern USA and Atlantic regions (Singh et al., 2006). The phase B
(INTEX-B) was conducted in the spring 2006 (March-May) over Mexico and the
Gulf of Mexico, the western coast of USA, and Pacific regions (Singh et al., 2009).
DC-8 aircrafts with the DACOM instrument onboard were also deployed during
the NASA Arctic Research of the Composition of the Troposphere from Aircraft
and Satellites (ARCTAS). The mission was conducted in the spring (April) 2008
over Alaska and in the summer (June-July) 2008 over western USA and Canada
(Jacob et al., 2010). ARCTAS aimed to understand the influence of tropospheric
trace gases and chemical processes, aerosol radiative forcing, and biomass burning
on the Arctic atmospheric composition and climate.
Figure 6.5: (Left top to right) Average difference between AIRS retrievals V5
(red) and V6 (blue) and INTEX-NA, INTEX-B, and ARCTAS observations, with
1σ standard deviation. Spirals location (red dots) are shown on a map for each
campaign.
During INTEX-NA and -B, and ARCTAS, we acquired 90 spiral profiles,
all daytime, to match with AIRS retrievals. Unlike HIPPO profiles covering
2.2◦ latitude (∼240 km), the spiral pattern of the DC-8 flights allows the mea-
surement of localized vertical profiles. The comparison with AIRS retrievals was
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performed with the following methodology. For each airborne profile, I selected all
AIRS profiles within a 3-hour window and 100 km. On average, 8 AIRS profiles
were found for each DC-8 spiral. I calculated the difference between the DACOM
profile and the averaged matching AIRS profiles. Figure 6.5 shows the mean dif-
ference between INTEX-NA (21 profiles, left), INTEX-B (31 profiles, middle),
ARCTAS (38 profiles, right) and both versions of AIRS retrieval.
In 2004, most of the profiles are localized in the Eastern USA and Atlantic
regions. ∆CO (difference AIRS - DACOM measurements) is negative at pressures
greater than 800 hPa for both versions, signifying an underestimation from AIRS
retrievals (10-25 ppbv for V5 and 20-40 ppbv for V6) with respect to the in situ
observations. In the mid-troposphere (600-300 hPa), both versions present a simi-
lar ∆CO (10 ppbv). For pressure less than 300 hPa, both retrievals underestimate
the CO by 10 ppbv. In 2006, the profiles cover the Mexico, Gulf of Mexico, West-
ern US coast and Pacific regions. In the lower troposphere (pressure greater than
800 hPa) V6 shows good agreement with the in situ data (±10 ppbv), while V5
underestimates the CO mixing ratio by up to 20 ppbv near the surface. In the
mid-troposphere (600-300 hPa) V5 and V6 both overestimate by 15 and 20 ppbv,
respectively, the CO content. In the UT (pressure less than 300 hPa), V5 and V6
are both low biased by 20 and 25 ppbv, respectively. In 2008, V5 and V6 ∆CO
are very similar from the surface to 300 hPa, underestimating the CO mixing ratio
by 10-30 ppbv at pressure less than 800 and in the 300-500 hPa range. V5 and
V6 are in good agreement (±10 ppbv) in the 800-500 hPa pressure range. In the
upper troposphere, V5 and V6 diverge significantly since ∆CO for V5 decreases
to -70 ppbv while ∆CO for V6 increases to 40 ppbv.
Used to assess AIRS retrievals, high resolution profiles were hitherto interpo-
lated on the AIRS retrieval levels. This approach provides an overview of the AIRS
performance, but the comparison of datasets with very different vertical resolu-
tions can be misleading. AIRS CO retrieval results from the optimal combination
of spectral information, from the sensor measurements, and an a priori information,
weighted by the sensitivity of the retrieval to changes in the true state of the CO
profiles (Rodgers, 2000). This weighting factor for the relative contributions to the
retrieval from the true state with respect to the a priori is called the averaging ker-
nel (AK). To properly compare AIRS retrievals and in situ CO profiles, AIRS AKs
are applied to the airborne CO measurements as suggested in the AIRS V6 doc-
umentation (http://disc.sci.gsfc.nasa.gov/AIRS/documentation/v6_docs/
v6releasedocs-1/V6_L2_Levels_Layers_Trapezoids.pdf) edited by Olsen (2013).
Because in situ CO profiles have high vertical resolution with high accuracy, they
can be treated as true profiles. The convolution of in situ profiles can be viewed as
the best estimate profiles that an idealized AIRS instrument could obtain (Rodgers
and Connor, 2003). In the convolution process, the AIRS a priori constraints are
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also applied to the in situ profiles, but the computation of the difference between
retrieval and convolved in situ CO profiles will remove the impact of the a priori
(Luo et al, 2007). Finally, prior to comparing the airborne profiles, processed with
the AIRS AKs and the AIRS retrievals, the difference between in situ and con-
volved in situ profiles is computed to highlight the disparities between version 5
and version 6 of the algorithm.
Fig. 6.6 shows the average difference between the convolved in situ and INTEX-
NA (left), INTEX-B (middle) and ARCTAS (right) in situ observations. During
INTEX-NA, in the lower troposphere, the in situ profiles degraded to the AIRS
sensitivity present similar biases with respect to the Fig. 6.5. In the mid and upper
troposphere, biases (±10 ppbv) are reduced with respect to that of Fig. 6.5, but
show a 5 ppbv difference between the convolutions using V5 and V6 parameters,
respectively. During INTEX-B, the averaged convolved profile based on the V6
AKs and a priori presents a smaller bias (±10 ppbv) than that based on V5 pa-
rameters, from the surface to 400 hPa. During ARCTAS, as for INTEX-B, the
bias for the convolution based on V6 is smaller by ∼10 ppbv than that based on
V5 from the surface to 400 hPa.
In summary, except in the lower troposphere in 2004, the convolution of in
situ vertical profiles shows better agreement with the true profile when convolved
with the parameters of the retrieval version 6. The improvements are mostly for
pressures greater than 400 hPa and 10 to 15 ppbv with respect to the convolution
with V5 parameters.
Figure 6.6: (From left to right) Average difference between INTEX-NA, INTEX-B,
and ARCTARS in situ vertical profiles convolved using V5 (red) and V6 (blue)
and non-convolved in situ profiles, with the 1σ standard deviations.
Figure 6.7 individually shows four vertical profiles from the INTEX-B cam-
paign, performed over western Canada on April 28 (Spiral 66, top left), over the
Pacific near the northern US coast on May 1 (spiral 68, top right), over Mexico on
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March 12 (spiral 78, bottom left), and over the Pacific on April 17 (spiral 82, bot-
tom right), respectively. The figure also shows the coincident V5 and V6 retrieval
profiles (hereafter referred to as V5R and V6R, respectively), and the convolved
profiles (hereafter referred to as V5C and V6C). The difference between AIRS re-
trieval and convolved in situ is represented by the dotted line (orange and cyan
for V5 and V6, respectively). Generally, the smaller this difference is the better
the instrument measurement accuracies.
Figure 6.7: (Top left) INTEX-B vertical profile (green line) on April 28, 2006
with collocated AIRS V5 (red) and V6 (blue) vertical profiles. Orange and cyan
solid lines represent the in situ profiles convolved with AIRS V5 and V6 retrieval
paramaters, respectively. Orange and cyan dashed lines represent AIRS V5 and V6
a priori, respectively. Orange and cyan dotted lines show the difference between
retrievals and convolution, respectively. (Top right) Same as top left but on 1 May.
(Bottom left) Same as top left but on March 12. (Bottom right) Same as top left
but on April 17.
Spiral 66 is a profile over land with ∼135 ppbv of CO in the lower tropo-
sphere, decreasing to ∼100 ppbv in the mid-troposphere. For pressures greater
than 800 hPa, V6R agrees very well with the in situ profile, and V6C is almost
superimposed to the retrieval. For pressures less than 800 hPa, the in situ profile
better matches with V5R, and the difference between V5R and V5C is smaller than
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that of V6. The better agreement between V5R and in situ in the mid-troposphere
can be explained by a CO mixing ratio closer to the V5 a priori values than that
of V6 this specific day. Spiral 78 is also a continental profile. The CO peaks to
150 ppbv slightly above 700 hPa and decreases to 60-80 ppbv in the 600-300 hPa
pressure range. Throughout the entire troposphere, V6C is almost superimposed
to V6R, meaning that V6 produces a very good measurement at the AIRS resolu-
tion. In contrast, V5R is 20 ppbv high biased with respect to V5C. Spiral 68 and
82 both show oceanic profiles. In May (spiral 68), there is little variability but ele-
vated CO mixing ratio (130-150 ppbv) from the surface to ∼400 hPa. In the lower
troposphere, V5R better agrees with the in situ profile than V6R, high biased by
20-30 ppbv. The difference between retrieval and convolution is also smaller in V5
than in V6. However, in the mid-troposphere, we observe the opposite, with the
difference between retrieval and convolution up to 25 ppbv larger for V5 than V6.
In April (spiral 82), the CO mixing ratio at pressure greater than 800 hPa is 140-
155 ppbv and decreases in the mid-troposphere to 115-135 ppbv. It results that the
difference between retrieval and convolution is reduced for both versions (by up to
40 ppbv), but the pattern is similar, e.g. V5 is smaller than V6 at pressure greater
than 700 hPa and the opposite at lower pressure. Nonetheless, despite the largest
retrieval-convolution difference in the lower troposphere, V6R is more consistent
with the in situ profile than V5R.
The difference between retrieval and convolution, shown throughout the four
examples on Fig. 6.7, is then calculated for all the spirals and averaged for each
campaign. Fig. 6.8 shows this difference for V6 (blue) and V5 (red), during
INTEX-NA (left), INTEX-B (middle) and ARCTAS (right).
Figure 6.8: Difference between AIRS V5 (red) and V6 (blue) retrievals and in
situ convolved with V5 and V6 retrieval parameters. Horizontal bars show the 1σ
standard deviation.
First, we can note that for all three campaigns, ∆CO (the difference between
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the retrieval and the convolution) is very small or null, both near the surface
and in the upper troposphere. This can be explained by the poor sensitivity and
lack of information in these regions of the atmosphere, resulting for both retrieval
and convolution to take values close to that of the a priori. In the 800-300 hPa
mid-tropospheric pressure range, a significant ∆CO reduction for V6 with respect
to V5, is observed for all campaigns. For INTEX-NA, V6 ∆CO is up to about
2 ppbv, that is to say 75 % less than the 8 ppbv calculated for V5. For INTEX-
B, V6 ∆CO is as large as 13 ppbv, which is larger than during INTEX-NA, but
still 32 % smaller than the V5 19 ppbv. Finally, for ARCTAS, V6 ∆CO is within
±8ppbv while V5 ∆CO is about 16 ppbv in most of the mid-troposphere. Note
that the large standard deviation results from persistent forest fires in northern
Canada during the ARCTAS campaign, increasing the CO variability.
Measurement techniques, performed along the flight pass during HIPPO and
in a vertical spiral at a given latitude-longitude during INTEX/ARCTAS, are dif-
ferent. Comparing the two validation studies may consequently be misleading and
should be done with caution. Nonetheless, we can note that the validation against
DACOM measurements presents relative similar features as against HIPPO. In
boreal summer (i.e. INTEX-NA and ARCTAS), a small mid-tropospheric bias of
less than ±10 ppbv is observed for V6. During boreal spring however, validation
against DACOM (i.e. INTEX-B) appears to be in conflict with that against HIPPO
(positive ∆CO in the first case and negative ∆CO in the second case). This ap-
parent discrepancy may have different origins: (i) INTEX-B predominantly have
mid-latitude oceanic profiles while HIPPO have numerous high latitude continen-
tal profiles (indeed, although performed in the NH, INTEX-B validation presents
better agreement with that of mid-latitude oceanic HIPPO profiles obtained in
the SH), and (ii) INTEX-B and HIPPO mission 3 were both in spring, but the
former was in 2006 while the later was in 2010. Interannual variability may have
impacted the comparison.
For the last campaign (ARCTAS), I repeated the analysis but separating the
geographic sampling areas. Fig. 6.9 is similar to Fig. 6.8 but for the Californian
region (left), the western Canada and Alaskan region (middle), and the central
Canadian region (right). On average, V6 ∆CO is smaller by up to 15 ppbv (or
85 %) than V5 below 600 hPa in California, and to a lesser extent in Alaska. Over
these regions, both versions have a similar ∆CO around 400 hPa (12 and 40 ppbv
in California and Alaska, respectively). In central Canada however, (where the
forest fires were spotted) the difference between retrievals and convolutions is much
smaller for V5 (±6 ppbv) than V6 (-30 ppbv at 600 hPa), meaning that the newest
version underestimates, at least in this region, high CO content caused by biomass
burning.
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Figure 6.9: Same as Fig.6.8 right panel, but for California (left), western Canada
and Alaska (middle), and central Canada (right) shown separately.
6.4 Conclusions and perspectives
Released in 2013, the AIRS CO operational product is available online to download
at the NASA GES DISC website (http://daac.gsfc.nasa.gov/). Although a
one-day comparison with V5 and two DACOM in situ profiles has been performed
by Dr. Warner’s team, no extensive validation was available to date. In this
chapter, I presented the first validation of AIRS V6 CO product.
Among the different updates since the previous version, one of the most sig-
nificant was the use of new a priori information in the retrieval algorithm. The
uniform global a priori in V5 has been replaced by MOZART-based monthly cli-
matologies, specific to each hemisphere.
In the mid-troposphere (500 hPa) where AIRS has its maximum sensitivity, the
largest impact of the new retrieval on the CO product is observed over NH ocean
where on average, the CO mixing ratio is 4 ppbv larger than in V5. In contrast,
over the SH ocean as well as over land (less than 45◦N) the CO mixing ratio is
2 and 3 ppbv lower than in V5, respectively. March-May is the period when the
differences between the two versions are the most accentuated. V6 also emphasizes
regional patterns, measuring more CO than V5 in regions of high emissions (e.g
central Africa, South America, East China) and oceanic plumes.
As part of this validation exercise, I compared AIRS V6 to in situ airborne
measurements from the HIPPO experiment. In the lower troposphere, retrievals
are high biased by 10-30 ppbv regardless the hemisphere, and in all seasons but
NH spring where the bias is negative (-10-0 ppbv). This represents a 10-40 ppbv im-
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provement with respect to AIRS V5 (except in NH winter). In the mid-troposphere,
the new retrievals are always within ±5 ppbv with respect to HIPPO observations,
except again in NH winter where V6 has a 10-20 ppbv low bias. Unlike in the lower
troposphere, few differences with V5 are observed.
When compared to the DACOM vertical profiles, and more specifically the
profiles convolved at the AIRS resolution, a 2-40 ppbv high bias was found in the
mid-troposphere. Only when the profiles were coincident with forest fires in 2008,
a low 10-30 ppbv bias was observed. Aside the fire case, the biases are reduced
with respect to V5 from 30 to 80 %.
In conclusion, an important step has been done from V5 to V6 regarding
the measurement of the carbon monoxide. Biases have been reduced, mostly in
the lower troposphere in oceanic regions, and in the mid-troposphere over land.
Nonetheless, a few weaknesses linked to high latitudes CO mixing ratio are also
highlighted. Better CO measurements will have positive repercussions for studies
as varied as air quality, atmospheric circulation and transport, climate evolution,
data assimilation, modeling, and forecast. This chapter marks the end of a series
of three studies aiming to improve our understanding of the carbon monoxide vari-
ability in the troposphere by the mean of data validations and innovative analyses.
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Conclusions and Perspectives
This thesis covers the variability of both the water vapor in the tropical tropopause
layer and that of the tropospheric carbon monoxide. The analyses rely on space-
borne observations and, while the study of H2O is supported by balloon-borne
measurements, the study of CO involves airborne and inventory datasets. Both
molecules are known to have crucial roles for the atmospheric chemistry and cli-
mate change. On the one hand, the stratospheric H2O feedback warms the tropo-
sphere and has the opposite effect on the stratosphere. As a key component in the
formation of PSCs and source of OH radicals, stratospheric H2O also contributes
to the stratospheric ozone depletion. The methane oxidation as well as transport
from the troposphere are the two main sources of stratospheric H2O. Yet, its vari-
ability remains not completely explained, so that processes poorly understood,
such as deep overshooting convection, potentially play a key role so far underesti-
mated. On the other hand, tropospheric CO is at the origin of chemical reactions
leading to the production of CO2, the most abundant carbon-based greenhouse
gas. In addition, because CO is a sink of OH radicals, the methane, also known
for its strong greenhouse effect, is less oxidized and increases with the increase of
CO. As a precursor of tropospheric ozone, high concentration of CO also causes
serious health problems to exposed populations, like in polluted urban areas.
The study of H2O was conducted in the framework of the TRO-pico project.
TRO-pico is a Franco-Brazilian experiment funded by the ANR, aiming at quan-
tifying the fluxes of overshooted H2O and their impact on the TTL and LS in the
southern Brazilian region of Bauru during the wet season. Dr. Rivie`re, the project
P.I., and the TRO-pico scientific team seek to better understand and predict the
contribution of overshoots on the H2O budget at global scale by up-scaling ob-
servations performed during fields campaigns, with the support of numerical sim-
ulations. To demonstrate the impact of continental overshooting convection on
the H2O budget in the TTL, I used 8 years of MLS H2O, IWC and temperature
observations. The difference between the MLS daytime and night-time sampling
was compared in term of 1) convective versus non-convective period, 2) northern
versus southern tropics, and 3) land versus ocean. This approach is innovative in
that previous studies did not differentiate neither land from oceanic convection,
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nor northern from southern convective season. It results that over continental
regions with intense convective activity, like South America and Africa, overshoot-
ing convection impact the diurnal cycle of H2O, at least up to 80 hPa, through a
moistening effect induced by the sublimation of ice crystals injected by overshoots.
When the continental convective activity is weak or absent, a weak diurnal cycle
of H2O, similar to that observed over oceanic regions, is observed and can be ex-
plained by the known heating rate of cirrus clouds formed in situ. Remarkably,
a focus on the subtropical region of Bauru in southern Brazil, where convection
was shown to be more intense although less frequent, suggests that more ice is
injected in the TTL and up to 68 hPa. However, the higher temperatures met in
the subtropical TTL probably result in less frequent super-saturation conditions.
Sub-saturated (or near saturation) environment would lead to the rapid sublima-
tion of the lofted ice crystals explaining the observed night-time moistening. The
analysis of balloon-borne measurements performed at Bauru during the austral
summers 2012 and 2013 were shown to be consistent with the climatologies based
on space-borne observations. A UT and TTL night-time moistening, revealed by
MLS, was confirmed by balloon-borne instruments.
The CO variability was studied with a new analysis method allowing to extract
from AIRS observations information both on the CO background, weakly varying
month to month, and CO fresh emissions that can experience spikes. Separat-
ing background and emissions has three advantages: 1) the CO background can
serve as validation base for modeled climatologies, 2) a space-borne biomass burn-
ing detection system based on the CO emissions can be implemented, and 3) CO
background and emission trends can be studied separately. As for the last point, we
showed that both CO emissions and background decreased during the last decade,
at a larger rate in the northern than in the southern hemisphere, and most often at
a larger rate in emission than in background. This suggests an impact of policies
aiming at reducing emissions in industrialized countries. This thesis also gives an
outline of two new products, namely, the data fusion of the combined AIRS/TES
and AIRS/MLS retrievals, and the sixth version of the AIRS CO operational prod-
uct. The data fusion takes advantage of the AIRS large daily coverage, enhanced
by TES high sensitivity in the lower troposphere and MLS high sensitivity in the
UTLS. As a result, the yield is considerably increased with respect to TES or MLS
retrieval alone and, when compared to in situ measurements, biases are reduced
by more than half with respect to AIRS retrieval. Although computed with AIRS
CO retrieval as background and TES or MLS CO retrievals as input observations,
the data fusion technique can be applied to other instruments, space-borne or not,
as well as to other molecules. The resulting homogenized dataset can benefit air
quality studies in the lower troposphere or, as demonstrated in the case study over
Africa, it can improve the understanding of the transport and dynamics in the
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UTLS region. Because an enhanced quality of the AIRS retrieval would logically
improve those studies, I produced an extensive validation of the newly released
sixth version of the retrieval. The new version greatly improves the retrieval in
the lower troposphere southern hemisphere, reducing biases against in situ mea-
surements by up to 80 % with respect to the version 5. Over North America, the
largest improvement is observed in the mid-troposphere, where biases calculated
against convolved in situ profiles are reduced by more than 30 % with respect to
the previous version. Nonetheless, I also point out a larger overestimation of the
CO content than version 5 in the winter lower troposphere at high latitudes, pos-
sibly caused by inadequate surface parameters in the latest version. Except for
high latitudes, AIRS CO retrieval version 6 is thus a very promising product that
will improve the quality of the future CO analyses.
This thesis highlighted some important processes governing transport and chem-
istry in the UTLS, but beyond that, it opened the way for future studies aiming
at further improving our knowledge of atmospheric trace gases, including but not
limited to water vapor or carbon monoxide. Results and techniques of analysis
presented here can lead to three axis of investigation.
First, the study of H2O variability in the TTL can be refined. In the present
study, the northern and southern tropics were arbitrarily differentiated by the
latitude. In order to further focus on the convection in these regions, an option
would be to create dynamic study areas rather than stationary boxes. Keeping the
amplitude of the day versus night H2O as a proxy of convective transport, which
may be coupled to other commonly used proxies such as overshooting precipita-
tion features or top-could brightness temperature for example, the dynamic study
areas would follow the convective zones all over the year as they move north and
south with the ITCZ. Dynamic study areas monitoring non-convective zones would
complement the analysis. Furthermore, these study areas should be implemented
in a way that better differentiate land from ocean than in the present study, in
order to limit the destructive interferences between oceanic and continental diur-
nal cycle of convection. Finally, the analysis in parallel of a dynamical tracer of
convection such as CO, will strengthen the conclusions drew for H2O as CO is
simultaneously transported but does not change of phase. Such a methodology
can also be applied to the study of the impact of cyclones on the H2O budget in
the TTL. Cyclones are large perturbations in motion, so that a dynamic study
area approach is relevant for the analysis of cyclonic convective processes. This
strategy is currently investigated by Tahina Ramarolahy at the Universite´ de la
Re´union for her Ph.D. research work.
Second, it is possible to better quantify the vertical transport of H2O and CO
using composite observations. My thesis as well as previous studies (references
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aforementioned) demonstrate the impact of deep convection on the UTLS hu-
midity and chemical composition at local, regional, and tropical scales. However,
these studies are mostly qualitative. With the combination of different sensors and
composite space-borne observations, it becomes possible to give a quantitative di-
mension to the H2O and CO transport in the UTLS. Recently, Luo et al. (2014)
developed an innovative methodology designed to estimate convective vertical ve-
locity and cloud internal structure. They made use of the time lapse of 1-2 minutes
between MODIS observations and that of the Imaging Infrared Radiometer (IIR)
onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) to calculate the vertical velocity in growing plumes from the change
rate of top-cloud temperature. The dynamics of convection was then associated
to the cloud structure using the Cloud Profiling Radar (CPR) onboard CloudSat.
It is thus possible to further exploit this approach by associating H2O and CO
observations to the vertical velocity and cloud structure in order to estimate the
entrainment rate and quantify the convective transport of these gases. This would
necessitate to retrieve information on trace gases not only in the UTLS but also in
the troposphere. Although composite observations (i.e. based on several datasets)
can be a starting point, the inhomogeneity and differences in resolution will compli-
cate the analysis. Data fusion however, turns out to be a suitable tool, convenient
for this kind of study as demonstrated in this thesis. The combined AIRS/MLS
CO product developed by Dr. Warner, that we currently process to extend to all
available date in AIRS and MLS common records, is thus a serious option to be
considered for such a study. Furthermore, it is possible to apply Dr. Warner fusion
technique to other molecules, which would permit to produce an AIRS/MLS H2O
product. It is also worth mentioning that other data fusion, based on different
fusion methods, exists such as the combined MLS/TES CO product developed by
Luo et al. (2013) and the combined AIRS/MLS H2O product developed by Liang
et al. (2010). No comparison between these different products has been produced
so far.
Third, the trace gases variability in the UTLS, linked to the direct injection
from the troposphere, might be monitored using a similar approach to that pre-
sented in the thesis for the tropospheric CO. A secondary peak in the PDF dis-
tribution of either H2O or CO observations would then be synonymous of recent
injection since they have no source of emission in the UTLS. Nonetheless, the origi-
nal technique was developed for AIRS, a nadir-viewing sounder, and would require
to be adapted for MLS, a limb-viewing sounder. Because MLS produces far less
profiles than AIRS, the question statistical significance will also be challenging.
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Conclusions et Perspectives
Cette the`se traite a` la fois de la variabilite´ de la vapeur d’eau dans la TTL et
de celle du monoxyde de carbone dans la troposphe`re. Les analyses s’appuient
sur des observations spatiales et sont supporte´es par des mesures par ballon pour
H2O ainsi que par des mesures ae´roporte´es et des bases de donne´es pour le CO.
Ces deux mole´cules jouent un roˆle fondamental dans la chimie atmosphe´rique
et les changements climatiques. Ainsi, la vapeur d’eau stratosphe´rique participe
au re´chauffement de la troposphe`re et au refroidissement de la stratosphe`re. En
tant que source de radicaux OH, H2O contribue aussi a` la re´duction de l’ozone
stratosphe´rique. Si l’oxydation du me´thane et le lent transport depuis la tro-
posphe`re sont conside´re´s comme les sources principales de H2O dans la stratosphe`re,
ces deux me´canismes ne permettent cependant pas d’expliquer totalement sa vari-
abilite´. Des processus encore peu compris tels que la convection profonde, jouent
potentiellement un roˆle cle´ qui, jusqu’a` pre´sent, e´tait sous-estime´. D’autre part, le
CO troposphe´rique est a` l’origine de re´actions chimiques conduisant a` la produc-
tion de CO2 et a` la re´duction de l’oxydation du CH4, ce qui contribue a` augmenter
l’effet de serre globale. De plus, pre´curseur de l’ozone troposphe´rique, le CO pose
de nombreux proble`mes de sante´ dans les zones de fortes concentrations comme
en milieu urbain par exemple.
L’e´tude de H2O a e´te´ conduite dans le cadre du projet TRO-pico. TRO-pico
est une initiative Franco-Bre´silienne finance´e par l’ANR, visant a` quantifier les
flux de H2O re´sultant de la convection profonde et leur impact sur la TTL et
basse stratosphe`re dans la re´gion de Bauru au Bre´sil durant la saison humide.
Dr. Rivie`re, le cordinateur du projet, et son e´quipe scientifique ont pour but de
mieux comprendre et pre´dire la contribution de la convection profonde sur le bud-
get de H2O a` l’e´chelle globale graˆce a` la projection a` grandes e´chelles des obser-
vations re´alise´es pendant les campagnes, avec le support de models nume´riques.
Afin de de´montrer l’influence de la convection continentale profonde sur la vapeur
d’eau dans la TTL, 8 ans d’observations de H2O, IWC3 et tempe´rature produites
par MLS ont e´te´ analyse´es. Les mesures de jour ont e´te´ compare´es a` celles de
nuit en termes de 1) pe´riodes convectives et non-convectives, 2) tropiques Nord
3nuage de glace, Ice Water Cloud en anglais
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et Sud, et 3) surfaces continentales et oce´aniques. Cette approche est innovante
par rapport aux pre´ce´dentes e´tudes qui ne diffe´rentiaient ni la convection conti-
nentale de celle oce´anique, ni la saison convective de l’he´misphe`re Nord de celle de
l’he´misphe`re Sud. Les re´sultats ont permis de montrer qu’au-dessus des continents
ou` l’activite´ convective est intense, comme l’Ame´rique du Sud et l’Afrique, la con-
vection profonde affecte le cycle diurne de H2O avec une humidification induite par
la sublimation des cristaux de glace injecte´s par les colonnes convectives. Lorsque
l’activite´ convective est faible ou absente, la faible variation journalie`re de H2O,
similaire a` celle observe´e en milieu oce´anique, peut s’expliquer par le cycle de ther-
mique des cirrus forme´s in situ dans la TTL. Une plus grande quantite´ de glace est
cependant observe´e durant la saison convective dans la re´gion de Bauru au Sud du
Bre´sil, ou` la convection y est moins fre´quente mais plus intense. La tempe´rature
de la TTL, plus e´leve´e dans cette re´gion subtropicale, semble sugge´rer que les con-
ditions de super-saturation ne sont pas aussi fre´quemment atteintes qu’au-dessus
de l’Amazonie. A` l’inverse, un environnement sous-sature´ encouragerait la rapide
sublimation des cristaux de glace et expliquerait l’hydratation nocture observe´e.
L’analyse des mesurements par ballons re´alise´s a` Bauru pendant les e´te´s australs
2012 et 2013 s’est re´ve´le´e cohe´rente avec les climatologies base´es sur les observa-
tions spatiales. L’humidification nocturne de la haute troposphe`re et de la TTL,
mise en e´vidence par MLS, a ainsi e´te´ confirme´e par les instruments embarque´s
sous ballon.
La variabilite´ du CO a e´te´ e´tudie´e graˆce a` une nouvelle me´thode d’analyse
permettant d’obtenir a` partir d’observations spatiales une information a` la fois
sur le CO de fond, dont la variabilite´ mensuelle est relativement faible, et sur les
e´missions re´centes, qui d’un mois a` l’autre peuvent subir de fortes variations. Cette
dissociation pre´sente trois avantages : 1) le CO de fond peut servir de base de vali-
dation pour la mode´lisation, 2) il devient potentiellement possible de concevoir un
syste`me de de´tection des feux de biomasse a` partir d’observations spatiales de CO,
et 3) les tendances a` plus ou moins long terme peuvent eˆtre e´tudie´es se´pare´ment.
Ce dernier point nous a permis de montrer que la teneur en CO a diminue´ au cours
des 10 dernie`res anne´es, de manie`re plus marque´e dans l’he´misphe`re Nord et dans
la plupart des cas de manie`re plus marque´e pour les e´missions. Cela sugge`re donc
un effet des politiques de re´duction des e´missions mises en place dans de nombreux
pays industrialise´s. De plus, deux nouveaux jeux de donne´es ont e´te´ pre´sente´s dans
cette the`se, i.e. la fusion des inversions de AIRS et TES ainsi que celle de AIRS et
MLS, et la version 6 des inversions de CO de AIRS. La fusion de donne´es be´ne´ficie
de la large couverture d’AIRS, ame´liore´e par la haute sensibilite´ de TES dans la
basse troposphe`re et celle de MLS dans l’UTLS. Compare´s a` des mesures in situ,
les biais caracte´ristiques des inversions d’AIRS sont re´duits de plus de moitie´. Bien
que re´alise´e graˆce aux instruments AIRS, TES et MLS, cette me´thode de fusion
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de donne´es peut eˆtre applique´e a` d’autres instruments, spatiaux ou non, ainsi qu’a`
d’autres mole´cules. Le jeu de donne´es homoge´ne´ise´ qui en re´sulte offre de nom-
breux avantages, notamment pour les e´tudes de qualite´ de l’air ciblant la basse
troposphe`re, ou, comme de´montre´ dans le cas d’e´tude sur la convection Africaine,
pour les e´tudes de transport et dynamiques dans l’UTLS. Enfin, j’ai pu valider
la sixie`me et nouvelle version des inversions d’AIRS pour le CO, rendue publique
par la NASA courant 2013. Dans l’he´misphe`re Sud, la nouvelle version ame´liore
de manie`re tre`s significative les inversions dans la basse troposphe`re, avec une
re´duction des biais par rapport a` la version ante´rieur allant jusqu’a` 80 %. Dans
l’he´misphe`re Nord et plus pre´cise´ment au-dessus du continent Nord-Ame´ricain,
les comparaisons avec des profils de mesures ae´roporte´es convolue´es a` la re´solution
d’AIRS montrent aussi une re´duction des biais, principalement dans la moyenne
troposphe`re, de plus de 30 % par rapport a` la version ante´rieure. Les analyses ont
toutefois fait ressortir une surestimation de la teneur en CO aux hautes latitudes,
plus importante que celle de´ja` pre´sente dans la version 5 des inversions d’AIRS.
Cela est potentiellement lie´ aux nouveaux parame`tres de surface moins adapte´s
aux latitudes polaires que dans la version pre´ce´dente. Mis a` part ce proble`me, la
version 6 des inversions d’AIRS est donc un produit tre`s prometteur qui ame´liorera
la qualite´ des futures analyses du CO.
Cette the`se met en e´vidence d’importants processus gouvernant le transport
et la chimie dans l’UTLS. Elle ouvre aussi la voie a` de futures e´tudes ayant pour
objectif d’enrichir notre connaissance des gaz minoritaires de l’atmosphe`re inclu-
ant, mais sans s’y limiter, H2O et CO. Re´sultats et techniques d’analyse pre´sente´s
dans cette the`se peuvent se poursuivre sur trois axes de recherche.
Premie`rement, l’e´tude de la variabilite´ de H2O dans la TTL peut eˆtre ame´liore´e.
Dans la pre´sente e´tude, les tropiques Nord et Sud e´taient arbitrairement diffe´rentie´s
par leurs latitudes. Afin de se focaliser d’avantage sur la convection dans ces
re´gions, une option pourrait eˆtre de concevoir des zones d’e´tudes dynamiques
plutoˆt que fixes. En concervant l’amplitude de la diffe´rence jour-moins-nuit de H2O
comme marqueur de transport convectif, qui peut aussi eˆtre couple´e a` d’autres mar-
queurs commune´ment utilise´s (la tempe´rature de brillance du sommet des nuages
par exemple), les zones d’e´tudes dynamiques suivraient les de´placements des zones
convectives tout au long de l’anne´e, du Nord au Sud (et inversement). Des zones
d’e´tudes dynamiques se focalisant sur les re´gions non-convectives comple´teraient
l’analyse. Ces zones d’e´tudes pourront aussi eˆtre mieux de´limite´es de manie`re a`
mieux se´parer continents et oce´ans, afin d’e´viter les perturbations dues au me´lange
de leurs cycles de convection respectifs. Finalement, l’analyse en paralle`le du
CO, un marqueur dynamique du transport convectif, renforcerait les conclusions
e´tablies pour H2O puisque le CO est transporte´ simultane´ment sans changer de
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phase. Une telle me´thodologie peut aussi eˆtre applique´e a` l’e´tude de l’impact des
cyclones sur le budget de H2O dans la TTL. Les cyclones e´tant de larges per-
turbations en mouvement, l’utilisation d’une zone d’e´tude dynamique est donc
pertinente pour l’analyse des processus convectifs cycloniques. Cette strate´gie est
actuellement mene´e a` bien par Tahina Ramarolahy, doctorante a` l’Universite´ de
la Re´union, dans le cadre de ses travaux de recherche.
Deuxie`mement, il est possible de mieux quantifier le transport vertical de
H2O et CO en utilisant des observations composites. Cette the`se, ainsi que des
pre´ce´dentes e´tudes (citations susmentionne´es) de´montrent l’effet de la convection
profonde sur l’humidite´ et la composition chimique de l’UTLS a` des e´chelles locales,
re´gionales et tropicales. Cependant ces e´tudes sont pour la plupart qualitatives.
Avec une combinaison de plusieurs instruments, il devient possible de donner une
dimension quantitative au transport de H2O et CO dans l’UTLS. Re´cemment,
Luo et al. (2014) ont de´veloppe´ une nouvelle me´thode destine´e a` e´valuer la vitesse
verticale de convection couple´e a` la structure interne des nuages. Pour cela, ils
ont exploite´ le court intervalle de 1-2 minutes entre les observations de MODIS et
celles de l’Imaging Infrared Radiometer (IIR) a` bord du Could-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) pour calculer la vitesse ver-
ticale dans les syste`mes convectifs en de´veloppement en se basant sur la variation
de tempe´rature du sommet du nuage. L’aspect dynamique de la convection est
alors associe´ a` la structure interne du nuage graˆce au CPR a` bord de CloudSat. Il
est donc possible d’exploiter cette approche en associant des observations de H2O
et CO a` l’e´valuation de la vitesse verticale et de la structure interne afin d’estimer le
taux de soule`vement et quantifier le transport convectif de ces gaz. Cela ne´cessite
toutefois de disposer d’informations non seulement dans l’UTLS, mais aussi dans
la troposphe`re. Bien que les observations composites (i.e. base´es sur plusieurs
jeux de donne´es) puissent eˆtre un bon point de de´part, leur inhomoge´ne´ite´ et
leurs diffe´rences en termes de re´solution peuvent compliquer l’analyse. Les fu-
sions de donne´es sont donc un outil adapte´ a` de telles e´tudes comme de´montre´
dans cette the`se. La combinaison de AIRS et MLS de´veloppe´e par le Dr. Warner,
que nous sommes a` l’heure actuelle en train d’e´tendre a` l’ensemble de la pe´riode
d’observation commune a` ces deux instruments, est une se´rieuse option pour ce
type d’e´tude. De plus, il est possible d’appliquer la technique de fusion a` d’autres
mole´cules, ce qui permettrait de produire par exemple une fusion pour H2O. Il est
aussi important de noter que d’autres fusions base´es sur d’autres me´thodes exis-
tent, telles que la combinaison de MLS et TES de´veloppe´e par Luo et al. (2013)
pour le CO, et la combinaison d’AIRS et MLS de´veloppe´e par Liang et al. (2010)
pour H2O. Aucune comparaison entre ces diffe´rents produits n’a cependant e´te´
faite a` ce jour.
Troisie`mement, la variabilite´ de l’humidite´ et de la composition chimique dans
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l’UTLS lie´e a` l’injection directe depuis la troposphe`re, pourrait eˆtre e´tudie´e graˆce a`
une approche similaire a` celle pre´sente´e dans cette the`se pour le CO troposphe´rique.
Un pic secondaire dans le PDF des observations de H2O ou CO serait alors syn-
onyme de re´cente injection puisqu’il n’y a pas de source majeure d’e´mission dans
l’UTLS. Il faudra cependant conside´rer une adaptation pour un instrument tel que
MLS qui, a` la diffe´rence de AIRS, a une ge´ome´trie d’observation aux limbes ce
qui permettrait l’application de la me´thode a` l’UTLS. Enfin, puisque MLS pro-
duit beaucoup moins d’observations que AIRS, la question de la significativite´
statistique d’une telle analyse pourra se poser.
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Appendix A
Cirrus cloud radiative heating cycle
Hartmann et al. (2001) showed that above deep convective anvil clouds (with top above
∼13 km), cirrus experience a net radiative cooling near the tropopause region. The cooling
results from longwave radiation emitted by cirrus if cold and thick clouds underlie and
shelter them. The cooling is shown to be sufficient to offset heating due to the subsidence.
In clear sky, when the convective activity is at its minimum, cirrus clouds near the
tropopause are strongly heated by the absorption of upwelling longwave radiation from
the surface (e.g. Fig.A.1).
Convective clouds
coolingwarming
Radiative heating
Local Time (hour)
Cirrus clouds TTL
Radiative Heating Cycle
Surface
O
P
F 
(%
)MLS sampling time
Figure A.1: (Top) Schematic representation of Hartmann et al. (2001) cirrus radia-
tive heating cycle. (Bottom) Schematic representation of OPFs occurrences above
tropical land as observed by Liu and Zipser (2005).
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Tropical H2O diurnal cycle in the TTL above land
In the tropics, above continental regions, we showed that the H2O diurnal cycle in the
TTL was predominantly driven by the overshooting injection of ice crystals followed by
their subsequent sublimation. Fig. A.2 shows how the Hartmann’s radiative heating cycle
of cirrus cloud (top) explains the time-lag between the injection of ice in the TTL and its
sublimation ∼12-14 hours later (bottom).
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Figure A.2: (Top) Radiative heating cycle of cirrus clouds (Hartmann et al., 2001).
(Bottom) Qualitative representation of the diurnal cycle of cirrus clouds (blue
solid line, from Hong et al., 2006) above land in the TTL. Interpretation of the
diurnal cycle of H2O (red solid line) from MLS observations (red dots) for the
Amazonian region. The blue shading represents the cooling phase of Hartmann’s
cycle. The red shading represents the warming phase of Hartmann’s cycle. Red
arrows represent the time-lag between injection of ice (e.g. maximum in cirrus
cloud cycle) and its sublimation (e.g. maximum in 2O cycle). Black dashed lines
represent the MLS sampling time.
When the convective activity is at its maximum (late afternoon), ice crystals are in-
jected by the overshooting convection into the TTL. There, they form cirrus clouds, which
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were shown to have a diurnal cycle above tropical land consistent with the maximum of
convective activity (Hong et al., 2006), e.g. a maximum late afternoon and a minimum
late morning (blue solid line on Fig. A.2). The extremely low tropopause temperature, en-
hanced by the cooling phase of the Hartmann’s cycle, results in frequent super-saturation
conditions in the TTL (Folkins et al., 2002), which preludes the sublimation of ice crystals.
The decrease in cirrus clouds during the night may be caused by a partial sedimentation
and horizontal mixing. When convection activity is at its minimum (morning), super-
saturation is inhibited by the warm phase of Hartmann’s cycle and the ice crystals, which
have not sedimented, can sublimate. Rosenfield et al. (1998) estimated that the radiative
heating of cirrus cloud under clear sky condition would result in temperature increases of
1-2 K and a H2O increase by as much as 1 ppmv.
Sub-tropical H2O diurnal cycle in the TTL above
land
In the sub-tropical region of Bauru (Fig. A.3), super-saturation conditions are less fre-
quent due to the warmer TTL (e.g. Fig. 3.6). The sublimation of ice crystals injected by
overshooting convection occurs within a shorter interval of time than above Amazonia.
Therefore, MLS observes more H2O during the night than during the day (D-N<0).
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Figure A.3: Qualitative representation of the diurnal cycle of cirrus clouds above
land in the TTL (blue solid line, from Hong et al., 2006). Interpretation of the
diurnal cycle of H2O in the TTL above the Bauru region (red solid line) from MLS
observations (red dots).
Tropical H2O diurnal cycle in the TTL above ocean
Above oceanic regions (as well as above continental region when the convective activity
is weak), an in situ sublimation/deposition diurnal cycle of advected (from Cold Trap
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processes) cirrus clouds (Hong et al., 2006) induced by the diurnal cycle of temperature
(Khaykin et al., 2013) drives the diurnal cycle of H2O in the TTL. Our interpretation is
as follows. When the temperature increases in the morning (green solid line, Fig. A.4),
the cirrus cycle presents a minimum (ice crystals sublimate) while H2O cycle presents a
maximum, and conversely when the temperature drops. MLS observes more H2O during
the day (before the minimum of temperature) than during the night. Because cirrus are
advected year-round in the TTL (e.g. Corti et al., 2006), we observe a year-round positive
D-N in the TTL above oceanic regions (and continental regions when only weak convection
is considered).
TTL Diurnal Cycles
Obs Cirrus
Hong et al. (2006)
Obs Temperature
Khaykin et al. (2013)
MLS H2O
(this work)
Figure A.4: Qualitative representation of the diurnal cycle of cirrus clouds (blue
solid line, from Hong et al., 2006) and temperature (green solid line, from Khaykin
et al., 2013) above ocean in the TTL. Interpretation of the diurnal cycle of H2O in
the TTL above the maritime continent (orange solid line) from MLS observations
(orange dots).
Tropical H2O diurnal cycle in the LS above land
In the LS (Fig. A.5), non-migrating tides induced by the convective activity, possibly
interacting with gravity waves, cause a temperature diurnal cycle (Khaykin et al., 2013),
that, in turn, drive the variability of H2O in the lowermost stratosphere, according to our
interpretation.
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Figure A.5: Qualitative representation of the diurnal cycle of temperature (blue
solid line, from Khaykin et al., 2013) above land in the LS. Interpretation of
the diurnal cycle of H2O in the TTL above continent (red solid line) from MLS
observations (red dots).
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Abstract. This study tests a novel methodology to add value
to satellite data sets. This methodology, data fusion, is simi-
lar to data assimilation, except that the background model-
based field is replaced by a satellite data set, in this case
AIRS (Atmospheric Infrared Sounder) carbon monoxide
(CO) measurements. The observational information comes
from CO measurements with lower spatial coverage than
AIRS, namely, from TES (Tropospheric Emission Spectrom-
eter) and MLS (Microwave Limb Sounder). We show that
combining these data sets with data fusion uses the higher
spectral resolution of TES to extend AIRS CO observa-
tional sensitivity to the lower troposphere, a region especially
important for air quality studies. We also show that com-
bined CO measurements from AIRS and MLS provide en-
hanced information in the UTLS (upper troposphere/lower
stratosphere) region compared to each product individually.
The combined AIRS–TES and AIRS–MLS CO products are
validated against DACOM (differential absorption mid-IR
diode laser spectrometer) in situ CO measurements from
the INTEX-B (Intercontinental Chemical Transport Exper-
iment: MILAGRO and Pacific phases) field campaign and in
situ data from HIPPO (HIAPER Pole-to-Pole Observations)
flights. The data fusion results show improved sensitivities in
the lower and upper troposphere (20–30% and above 20%,
respectively) as compared with AIRS-only version 5 CO re-
trievals, and improved daily coverage compared with TES
and MLS CO data.
1 Introduction
Atmospheric carbon monoxide (CO) is simultaneously mea-
sured by three EOS (Earth Observing System) “A-train”
satellite sensors: AIRS (Atmospheric Infrared Sounder) (Au-
mann et al., 2003) on Aqua, and TES (Tropospheric Emis-
sion Spectrometer) (Beer, 2006), andMLS (Microwave Limb
Sounder) (Waters et al., 2006) on Aura. Based on the her-
itage of the A-train system with individual sensors taking
measurements within short time intervals between each other
(15–30min), the combined data sets from these sensors are
expected to provide three-dimensional composition informa-
tion that incorporates the uniqueness of AIRS’s large spatial
coverage, TES’s high spectral resolution, and MLS’s mea-
surements in the upper troposphere and stratosphere. AIRS’s
trace gas retrieval products provide high-density twice-daily
global coverage with spatial resolution at 45 km⇥ 45 km at
01:30 and 13:30 local time (LT) overpasses. However, as
a nadir sounder, it measures relatively thick integrated lay-
ers with most of the sensitivities in the troposphere – and
therefore lacks details in the relatively thin UTLS (upper
Published by Copernicus Publications on behalf of the European Geosciences Union.
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troposphere and lower stratosphere) layer. The Aura limb
sounder, MLS, on the other hand, possesses the advantage
of high vertical resolution in the UTLS region but lacks hor-
izontal coverage. We seek to combine these two types of CO
data sets to provide both higher vertical structure and global
coverage. This fused data set will benefit studies of strato-
sphere troposphere exchange and the chemical and dynam-
ical structures of the UTLS and TTL (tropical tropopause
layer) regions as CO is a tracer of transport and has markedly
different concentrations in the troposphere and the strato-
sphere.
A number of radiatively significant gases have strong ver-
tical gradients in composition across the tropopause, includ-
ing ozone and water vapor. The variability in their tropopause
vertical gradients is due to the transport across the tropopause
and their sources and sinks in this region. These interac-
tions have a significant impact on chemistry–climate cou-
pling (Holton et al., 1995). The CO–ozone correlation has
been used extensively in the UTLS region as a diagnos-
tic tool for studying extratropical tropopause processes, and
stratosphere–troposphere exchange and mixing (e.g., Zahn et
al., 2000; Hoor et al., 2002, 2004; Pan et al., 2004, 2007a,
b). UTLS dynamics and transport studies will greatly benefit
from trace gas data sets that show detailed structures of CO
plumes, have high-density daily global coverage, and provide
information for an extended time period (⇠ 10 yr).
A key societal issue is air quality (AQ), which affects hu-
man health and has a significant impact on economical and
policy issues (Lahoz et al., 2012). Air quality concerns span
from the local to the global scales since pollution can be
transported across continents and affect AQ at remote loca-
tions (Lin et al., 2012). Satellite measurements are among
the most effective ways to monitor air pollution and the re-
lated transport due to their relatively high spatial and tem-
poral coverage. CO is a good tracer of pollution emission
and transport in the troposphere owing to its lifetime of 1–3
months (Crutzen and Zimmermann, 1991; Sze, 1977). In this
study, we focus on CO measurements. We show that fusing
of CO data from multiple sensors in space can benefit both
air quality and climate studies.
In the following sections, we present the data fusion ap-
proach that we use to combine AIRS, TES, and MLS CO
data sets, with TES and MLS CO as observations and AIRS
CO retrievals as the background field. We also show that the
combined data set provides a 3-D CO field with daily global
coverage that incorporates the sensitivity from AIRS primar-
ily in the mid-troposphere, TES in the lower troposphere,
and MLS in the UTLS. Section 2 introduces the data sets
that we use in this study, and Sect. 3 describes the data fu-
sion methodology. Section 4 presents results and their vali-
dation, while Sect. 5 provides discussion and a summary of
this study.
2 Observational data sets
The AIRS instrument on Aqua was launched in 2002 with
the primary goal of determining the vertical profiles of tem-
perature and water vapor in the Earth’s atmosphere (Au-
mann, et al., 2003). CO retrievals are obtained from the
2160–2200 cm 1 portion of the spectrum on the edge of the
1-0 vibration–rotation band of CO (McMillan et al., 2005).
The AIRS main CO sensitivity is broad and centered in the
mid-troposphere between approximately 300 and 600 hPa
(Warner et al., 2007). AIRS science team retrieval codes are
used to determine the physical parameters measured by AIRS
such as temperature, water vapor, and ozone (Susskind et al.,
2003).
The TES instrument is an imaging infrared Fourier trans-
form spectrometer with both nadir- and limb-viewing capa-
bility covering the spectral range 650–3050 cm 1 at either
0.08 cm 1 or 0.02 cm 1 spectral resolution. TES provides
higher spatial and spectral resolutions compared to AIRS;
however, the global coverage of TES is significantly lower
(Luo et al., 2002, 2007). This is partly due to the fact that, in
addition to the sensors’ respective swath widths, AIRS uses
a cloud-clearing scheme that recovers, on average, more than
half of the cloudy pixels, which increases the global coverage
of the retrievals significantly (Susskind et al., 2003; Warner
et al., 2013). Validations and intercomparison between AIRS
and TES CO indicate that localized biases exist (Warner et
al., 2010), which globally and annually generally cancel each
other to a large extent.
MLS on Aura satellite was launched on 15 July 2004 and
placed into a near-polar Earth orbit at ⇠ 705 km with an in-
clination of 98  and an ascending node at 13:45 LT. It makes
about 14 orbits per day. The MLS instrument onboard Aura
uses the microwave limb sounding technique to measure
chemical constituents and dynamical tracers between the up-
per troposphere and the lower mesosphere. It provides dense
spatial coverage with 3500 profiles daily between 82  N and
82  S. The standard retrievals for CO are given between 215
and 0.46 hPa with a vertical resolution of ⇠ 3 km in the up-
per troposphere and the stratosphere. The along-track resolu-
tion of the CO measurements is ⇠ 200 km between 215 and
10 hPa. The estimated single-profile precision in the extrat-
ropical UTLS is of the order of 0.04 ppmv (parts per million
volume) from 215 to 100 hPa and between 0.05 and 0.2 ppmv
from 46 to 10 hPa (Livesey et al., 2007; Read et al., 2007;
Jiang et al., 2007).
3 Methodology
The data fusion methodology in this study takes a similar
approach to that used in data assimilation (Kalnay, 2003) ex-
cept we use AIRS measurements as the background field and
other measurements with lower spatial coverage (in this case,
TES andMLS) as the observations. We assume that the AIRS
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Fig. 1. Design of the satellite data fusion system, where AIRS operational V5 L2 retrievals are used as the 
background field, and TES or MLS measurements are added to the Kalman filter process as observations. 
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Fig. 1. Design of the satellite data fusion system, where AIRS oper-
ational V5 L2 retrievals are used as the background field, and TES
or MLS measurements are added to the Kalman filter process as
observations.
data represent a snapshot of a three-dimensional geophysical
field analogous to a model output. We do not attempt to eval-
uate any time variability in the CO field, but to simply com-
bine CO of collocated pixels from AIRS, TES, and/or MLS
that are part of the A-train satellite constellation and are mea-
sured within a short time period (15–30min). A major differ-
ence between this technique and traditional data assimilation
is that we do not use a model, which avoids uncertainties aris-
ing from model dynamics and transport issues. We follow a
formulation identical to the Kalman filter method, commonly
used in data assimilation (e.g. Lahoz et al., 2010), except we
exclude the transport by model dynamics.
The diagram in Fig. 1 illustrates the data fusion system,
where we start with AIRS operational version 5 (V5) level 2
(L2) retrievals, shown on the upper left corner, as the back-
ground field. Other products, such as TES or MLS, are added
to the Kalman filter process as observations where the rela-
tive weighting is influenced by the observation error covari-
ance from AIRS and TES or MLS retrievals. The output from
the analysis provides a three-dimensional field that incorpo-
rates measurements from AIRS, TES, and/or MLS. We show
that in the vertical region (lower troposphere and the UTLS)
where AIRS has low measurement sensitivity, the AIRS re-
trievals still provide the correct spatial variability (or spatial
patterns), even when they cannot reproduce the correct CO
magnitude. This system does not require a model to constrain
the physics of the geophysical fields, but rather uses AIRS
routine measurements to constrain the spatial and temporal
variability of the TES and MLS measurements.
The Kalman filter algorithm (Kalman, 1960) in general
form is as follows:
Xa = Xb + K(Xo   HXb), (1)
where the Kalman gain, K, is
K = PbHT (HPbHT + R) 1, (2)
where H is the linear observation operator which maps the
background state into the observational space, and Pb is the
background error covariance. The analysis state vector Xa is
the new estimate of the state vector, which has the same di-
mension as the background field (Xb), i.e., the current size
of the AIRS vector. The size of the observation vector Xo is
determined by the number of assimilated observations (TES
or MLS). The matrix R is the observational error covariance.
To prescribe R, we assumed that there is no global bias in the
TES CO measurements, nor a global bias between the AIRS
and TES CO measurements. Results from a bias correction
experiment where a crude approximation to the global bias
between AIRS and TES CO is made (not shown) indicate
that the assumption of no bias does not affect the data fusion
results adversely. Since the number of variables in the control
vector is not prohibitively large and R is assumed diagonal,
we compute the inverse matrix in the gain matrix (i.e., K)
directly. In data assimilation, including that applied to trace
gases, it is often a standard assumption to use a diagonal R
matrix, which assumes that there is no vertical or horizon-
tal correlation between different observations (see Stajner et
al., 2001; Tangborn et al., 2009). We realize that including
observation error correlations would have the effect of reduc-
ing the relative impact of each individual observation slightly
(depending on the correlation), and its omission here does
slightly degrade the accuracy of the final data set. However,
the purpose of this work is to demonstrate the viability of the
data fusion approach to combining satellite data sets, and fu-
ture enhancements to this work will include a more refined
observation error covariance.
When we apply the data fusion algorithm, Pb is the error
covariance for the AIRS satellite retrievals and is treated as
the standard background error covariance in data assimila-
tion. Satellite observations are often treated as spatially un-
correlated in data assimilation systems, but this is not strictly
accurate (Talagrand, 1997). In the application of the data fu-
sion technique, we assume a simple spatially decaying corre-
lation for Pb that can be easily tuned by changing the corre-
lation length scale, and by comparing the results with in situ
data.
The background error covariance Pb is constructed from
the error correlation matrix between any two locations in the
background state vector and the error variances of AIRS re-
trievals. It is defined as
Pb =
⇣
D1/2
⌘T
CD1/2, (3)
where C is the error correlation function and D is a diag-
onal matrix containing the error variances of the analyzed
species (El Amraoui et al., 2004). Following a general ap-
proach in data assimilation, we separate the vertical and hor-
izontal correlations (Daley and Barker, 2000; Errera and Mé-
nard, 2012). The spatial correlation matrix is equal to the ten-
sor product of the horizontal correlation matrix ⇢h and the
vertical correlation matrix ⇢v.
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Fig. 2. (Left panel) Power law function with horizontal error correlation length of 750km – see Eq. (4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 31!
 
Fig. 2.  (Right panel) Exponential function of the vertical error correlation with a length of 0.17 – see Eqs. 
(5)-(6).  
 Fig. 2. Left panel: power law function with horizontal error correlation length of 750 km – see Eq. (4). Right panel: exponential function of
the vertical error correlation with a length of 0.17 – see Eqs. (5)–(6).
In terms of matrix elements, the background error covari-
ance matrix Pb is defined by
Pb(i,j)=   (i)  (j)⇢h(i,j)⇢v(i,j), (4)
where  i and  i are the standard deviations of background
error at location i and j , respectively; ⇢h is the horizontal
correlation model; and ⇢v is the vertical correlation model.
We use the power law for the ⇢h model as shown in Fig. 2,
left panel (Dee and da Silva, 1999):
⇢h(i,j)=
 
1+ 12
✓
ri,j
L0
◆2! 1
(5)
where ri,j denote the horizontal distance between the two
locations (i,j), and L0 is the prescribed horizontal error cor-
relation length.
The vertical resolution of the analysis for the combined
AIRS and TES CO is based on the AIRS pressure grid in the
troposphere, whereas the vertical resolution of the analysis
for the combined AIRS and MLS CO is based on the AIRS
pressure grid in the stratosphere and the UTLS regions. Ta-
ble 1 lists all the pressure levels used in the AIRS and TES
combined CO experiments (left columns) and the AIRS and
MLS combined CO experiments (right columns). These anal-
yses’ pressure levels are fixed except for near the surface.
The vertical correlation model for AIRS and TES is shown
in Fig. 2 right panel and has the form
⇢v(l,n)= exp( 1z2l,n), (6)
where
1zl,n = lnpn  lnpl
Lz
. (7)
pn and pl are the pressure values at levels n and l, and Lz
is the prescribed vertical error correlation length (Daley and
Barker, 2000; Errera and Ménard, 2012).
In the examples given in Fig. 2, the horizontal correla-
tion length L0 = 750 km and the vertical correlation length
Lz = 0.17 were chosen to match the measurement charac-
teristics and sensitivities of AIRS and TES. Specifically, we
use a horizontal correlation length of 750 km so that the en-
tire AIRS swaths are influenced by TES measurements from
AIRS nadir points considering AIRS swaths are approxi-
mately 1600 km wide. The vertical correlation length of 0.17
is chosen to match the number of vertical levels correlated as
shown in Fig. 2 right panel. Figure 3 shows the prescribed er-
ror 1  standard deviations (SDs) for AIRS (solid blue line),
as the background error, and for TES (dashed red line), as
the observational error. These errors originated from the re-
trieval error covariance matrices from the respective teams
and were averaged and/or smoothed to form one global set
of error profiles (Dee and da Silva, 1999). Three-dimensional
retrieval errors are difficult to quantify due to the limited
amount of in situ measurements in both temporal and spatial
dimensions. The retrieval errors distributed by the individ-
ual teams (AIRS and TES in this case) are defined and com-
puted differently, which means they cannot be used together.
We used the statistics of the validation summaries from var-
ious studies to derive one global set of error profiles (Luo et
al., 2007; McMillan et al., 2011; Warner et al., 2007, 2010;
Yurganov et al., 2008) to reduce prescribed errors for AIRS
in the mid-troposphere and for TES in the lower troposphere.
Additionally, we considered the statistics of the averaging
kernels (AKs) from AIRS and TES to weight the relative
importance of the data in the vertical dimension. We have
Atmos. Chem. Phys., 14, 103–114, 2014 www.atmos-chem-phys.net/14/103/2014/
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Table 1. The pressure levels used in combined AIRS (background
and analysis) and TES (observations) CO (left columns), and com-
bined AIRS (background and analysis) and MLS (observations) CO
(right columns).
Combined AIRS and TES CO Combined AIRS and MLS CO
Background Observations Background Observations
1085.39343 1000.00 217.6866 215.4435
1056.51599 980.00 206.4598 146.7799
1028.04346 970.00 195.6079 100.0000
999.94598 941.20 185.1208 68.1292
972.26398 908.51 174.9984 46.4159
944.99750 825.40 165.2408 31.6228
918.12610 749.89 155.8378 21.5443
891.68030 681.29 146.7794 14.6780
865.63971 618.96 138.0756 10.0000
840.01459 562.34 129.7061 6.8129
814.80499 510.89 121.6711 4.6416
790.02087 464.16 113.9704 3.1623
765.64209 421.69 106.5838 2.1544
741.68878 383.11 99.5255 1.4678
718.16119 348.06 92.7782 1.0000
695.04901 316.22 86.3380 0.6813
672.36230 287.29 80.1977 0.4642
650.10120 261.01 74.3533 0.3162
628.26569 237.13 68.7966 0.2154
606.84552 215.44 63.5227 0.1468
585.85107 195.73 58.5243 0.1000
565.28198 177.82 53.7945 0.0464
545.13861 161.56 49.3260 0.0215
525.42078 146.77 45.1129 0.0100
506.11841 133.35 41.1481 0.0046
487.23141 121.15 37.4244
468.78009 110.06 33.9348
450.73410 100.00 30.6711
433.11371 27.6263
415.91891 24.7922
399.12930 22.1638
382.75519 19.7300
366.78641 17.4867
351.23300 15.4227
336.09500 13.5320
321.35220 11.8074
307.01471 10.2399
293.07239 8.8216
279.53540 7.5450
266.39359 6.4020
253.63670 5.3848
241.26500 4.4855
229.28830 3.6961
217.68660 3.0090
206.45979 2.4164
195.60789 1.9105
185.12080 1.4837
174.99840 1.1287
165.24080 0.8379
155.83780 0.6043
146.77940 0.4208
138.07561 0.2806
129.70610 0.1771
121.67110 0.1041
113.97040 0.0554
106.58380 0.0257
99.52550 0.0095
92.77820
86.33800
80.19770
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Fig. 3. Prescribed 1-sigma standard deviation of the CO error for AIRS (solid blue line) and TES (dashed 
red line). 
 
 
 
 
 
 
Fig. 3. Prescribed 1  standard deviation of the CO global error for
AIRS (solid blue line) and TES (dashed red line).
found that constructing the global error profiles from our ex-
perience of validation and the retrieval AKs provides a bet-
ter estimate than the errors distributed by the retrieval teams.
Although we used 1-D background error SDs as an approx-
imation for this study, the extension to 2-D error fields and
the inclusion of seasonal variations is possible although not
trivial, and will be the subject of a future study.
4 Results
4.1 Combined AIRS and TES CO
We show in this section results from applying the data fusion
methodology to AIRS and TES CO data. AIRS V5 L2 and
TES V3 CO volume mixing ratios (VMRs) at 500 hPa for
4 March 2006 are shown in Fig. 4 to demonstrate the data
coverage pattern, where the squares represent AIRS foot-
prints and the filled circles represent TES pixels. TES step
and stare (SS) special observations (SO) were taken to coin-
cide with the INTEX-B experiment (Singh et al., 2009) (http:
//www.espo.nasa.gov/intex-b). The pixel sizes in Fig. 4 do
not represent the correct proportions of the sizes for the AIRS
field of regards (FORs) at approximately 45 km⇥ 45 km and
the TES field of views (FOVs) at 5 km⇥ 8 km.
The vast majority of the AIRS pixels are not at nadir
nor collocated with TES due to the coverage differences be-
tween the two sensors, so the data fusion scheme described
in Sect. 3 is needed to distribute TES narrow swaths onto
www.atmos-chem-phys.net/14/103/2014/ Atmos. Chem. Phys., 14, 103–114, 2014
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Fig. 4. The footprints of AIRS and TES special observations for March 4, 2006, where the squares 
represent AIRS CO mixing ratios (ppbv) at 500 hPa, the filled circles represent those for TES, and the 
black box outlines the location of the DC-8 in situ spiral profile. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The footprints of AIRS and TES special observations for 4
M rch 2006, where the squares repres nt AIRS CO mixing ratios
(ppbv) at 500 hPa, the filled circles represent those for TES, and the
black box outlines the location of the DC-8 in situ spiral profile.
the global coverage of AIRS to produce daily maps. Results
show that in vertical regions where AIRS has lower mea-
surement sensitivity, i.e., the lower and upper troposphere,
the retrievals can still provide sufficient spatial variability (or
patterns), even though they may not be able to produce the
correct magnitude (see Fig. 4). Consequently, the TES CO
profiles are horizontally distributed based on the AIRS vari-
ances.
We first demonstrate the overall performance of data
fusion applied to global AIRS and TES CO data using
the methodology described in Sect. 3. The monthly grid-
averaged zonal means for March 2006 are shown in Fig. 5
for AIRS CO (left top panel), the analyzed CO (left mid-
dle panel), the analysis increment (i.e., the analysis minus
background) (left bottom panel), and AIRS CO interpolated
to TES locations (right top panel), TES CO (right middle
panel), and TES minus AIRS (TMA) (right bottom panel).
CO data are averaged in 1  ⇥ 1  latitude and longitude grid
boxes. The CO data range of the zonal mean analysis has
increased significantly, especially in the lower troposphere,
compared with the background AIRS CO values shown by
the left column top two panels, as mirrored by the differences
between TES and AIRS on the right. This is an improve-
ment over AIRS V5 CO retrievals based on previous studies
(Warner et al., 2010; Yurganov et al., 2008). Quantatively, the
analysis increment shows a decrease in the Southern Hemi-
sphere (SH) lower troposphere of more than 40 ppbv (parts
per billion volume) and an increase in the Northern Hemi-
sphere (NH) lower troposphere of as much as 40 ppbv. The
analysis increment is minimal in the mid-troposphere be-
tween 400 and 600 hPa to within ±10 ppbv. There are also
highly increased values of the analysis increment at the trop-
ics and decreased values at mid- and high latitudes above
250 hPa in the UTLS. These results show improvements in
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Fig. 5. Grid averaged monthly zonal means with AIRS CO (left top panel), analyzed CO (left middle 
panel), analysis increment (left bottom panel), AIRS CO interpolated to TES location (right top panel); 
TES CO (right middle panel); and OMF showing TES minus AIRS CO (right bottom panel). 
Fig. 5. Grid-av raged monthly zonal means with AIRS CO (left top
panel), analyzed CO (left middle panel), analysis increment (left
bottom panel), AIRS CO interpolated to TES location (right top
panel), TES CO (right middle panel), and TMA showing TESminus
AIRS CO (right bottom panel).
all vertical regions compared to the AIRS V5 CO products
based on our previous experience.
The horizontal CO distribution at approximately 944 hPa
from a monthly mean grid-averaged data set for March 2006
is shown in Fig. 6 with TES CO (top panel), AIRS CO (mid-
dle panel), and the analyzed CO (bottom panel). The analy-
sis from the data fusion scheme presents much more realis-
tic CO values based on our previous knowledge and valida-
tion results compared with the background CO values from
AIRS. In particular, the CO analyses show distinct plumes in
the NH associated with emissions and the SH shows the ex-
pected relatively low values of CO. The analyzed CO agrees
better with TES CO than with AIRS CO, with higher CO
values in the NH and lower values in the SH compared to
AIRS, and it provides much better continuity in data cover-
age compared with TES CO values. Similarly, Fig. 7 shows
the monthly mean grid-averaged CO distribution at approx-
imately 506 hPa. Unlike at 944 hPa, the analyzed CO distri-
bution is very similar to the AIRS background CO. Note that
these examples use monthly mean results to demonstrate the
stability of the technique over time, and the main advantage
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Fig. 6. Grid-averaged monthly mean CO distribution at approximately 944hPa with TES CO (top panel), 
AIRS V5 CO (middle panel), and analyzed CO (bottom panel). 
 
 
Fig. 6. Grid-averaged monthly mean CO distribution at approxi-
mately 944 hPa with TES CO (top panel), AIRS V5 CO (middle
panel), and analyzed CO (bottom panel).
of this technique is the availability of daily maps that matches
AIRS coverage, whereas there are only a few narrow tracks
per day from TES routine survey products.
For validation purposes, we have collocated the TES and
AIRS footprints with the independent INTEX-B in situ mea-
surements by selecting the retrievals from the nearest pixels.
Figure 8 shows the curtain plots for CO VMRs along TES
footprints for the DACOM CO measurements (top panel),
TES V3 CO retrievals (second panel), AIRS V5 L2 CO
retrievals (third panel), and the combined CO VMRs pro-
duced by data fusion (bottom panel). The geographical re-
gion measured on the DC-8 plane on that particular day was
affected by agricultural fires in the southeast US, which re-
sulted in high CO values in the lower troposphere as shown
by DACOMCO. AIRS V5 retrievals, using a single profile as
the first guess, show good sensitivity in the mid-troposphere
(300–600 hPa), but the magnitudes of the retrieved results are
lower than DACOM CO by as much as ⇠ 40 ppbv below the
900 hPa level, in what is typically the boundary layer, due to
reduced measurement sensitivity. TES senses higher CO sig-
nals in the lower troposphere especially over land (north of
30  N); however, TES shows lower CO values between 200
and 500 hPa over parts of the ocean by ⇠ 10–30 ppbv. Large
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Fig. 7. As Fig. 6 except at 506 hPa. 
 Fig. 7. As Fig. 6 except at 506 hPa.
portions of TES measurements show similar features as ob-
served by DACOM in the lower troposphere where the AIRS
observational signals are relatively weak. As shown in the
bottom panel, the mid-troposphere CO concentrations resem-
ble AIRS retrievals in the mid-troposphere while following
the lower-tropospheric CO values from TES. The combined
products show higher CO VMRs in the lower troposphere,
which improves the agreement with the in situ measurements
to within 10–20 ppbv (see red color pixels in Fig. 8 bottom
panel vs. top panel).
A profile validation against the DACOM in situ CO mea-
surements is presented in Fig. 9. The DACOM in situ CO
spiral profile used in this comparison was obtained during
INTEX-B on 4 March 2006, near the center of the Gulf of
Mexico, as denoted by a black square in Fig. 4 (Sachse et
al., 1987). The CO VMR profiles are shown on the left panel
in Fig. 9 as the in situ data (green), AIRS data (cyan), TES
data (blue), and the combined AIRS and TES data (red). The
combined profile agrees with the in situ profile much better
than AIRS and TES profiles individually in the troposphere,
especially over the vertical regions below 400 hPa. The com-
bined profile is enhanced by AIRS information in the mid-
troposphere by approximately 10–15 ppbv compared to TES,
and by TES information below 750 hPa by nearly 20 ppbv.
This shows an advantage of the data fusion method, in that it
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Fig. 8. Curtain plot validation against INTEX-B for AIRS and TES nadir pixels with DACOM CO (top 
panel), TES CO (2nd panel), AIRS CO (3rd panel), and analyzed CO (bottom panel), respectively.  
 
Fig. 8. Curtain plot validation against INTEX-B for AIRS and TES
nadir pixels with DACOM CO (top panel), TES CO (2nd panel),
AIRS CO (3rd panel), and analyzed CO (bottom panel), respec-
tively.
combines the best information characteristics from each sen-
sor. The fact that the combined CO profile agrees with the in
situ data better than both AIRS and TES is largely due to the
effect of the influence from neighboring pixels and from dif-
ferent height regions. The center panel shows the AIRS AKs,
which indicate that the AIRS measurement information is
primarily in the mid-troposphere, peaking at approximately
500 hPa. The right panel shows TES AKs at three selected
retrieval pressure levels (825, 510, and 215 hPa), indicating
that, for this example, the maximum information responsi-
ble for the lower-troposphere CO retrievals peaks at levels
just above 900 hPa where the top of the boundary layer is
usually located (see blue line in right hand panel of Fig. 9).
Although the final form of the AKs for the combined CO
profiles, a nonlinear summation of the AKs from AIRS and
TES, is not presented here, the combined information con-
tent should increase in the lower atmosphere based on the
contribution from TES.
To extend our validation efforts, we compared the data
fusion output with recently available in situ measurements
from the HIAPER Pole-to- Pole Observations (HIPPO) ex-
periment, which took place from January of 2009 to Septem-
ber 2011 (Wofsy et al., 2012). The merged 10 s best CO
measurements are used (http://hippo.ornl.gov/dataaccess)
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Fig. 9. A profile validation against the DACOM in situ CO measurements on 4 March 2006 (left hand 
panel) with DACOM CO (green curve), AIRS CO (cyan line), TES CO (blue line), and combined, 
analyzed CO (red line). Middle panel shows AIRS AKs and right hand panel shows TES AKs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.A profile validation against the DACOM in situ COmeasure-
ments on 4 March 2006 (left hand panel) with DACOM CO (green
curve), AIRS CO (cyan line), TES CO (blue line), and combined,
analyzed CO (red line). Middle panel shows AIRS AKs and right
hand panel shows TES AKs.
(HIPPO_Merged_Data_Users_Guide_20121130). TES CO
data are available for HIPPO-1 (8–30 January 2009) and
HIPPO-2 (31 October–22 November 2009) flights, but not
for HIPPO-3 (24 March–16 April 2010), HIPPO-4 (14 June–
11 July 2011), and HIPPO-5 (9 August–9 September 2011)
periods. We initially carried out this data fusion study when
only TES V3 CO products were available, which apply to
all results presented in earlier sections. Although newer TES
CO products are available, the principle and advantages of
the data fusion methodology still apply using TES V3 CO.
We attempt, however, to demonstrate the full potential of the
technique and use the latest TES V5 CO in the HIPPO vali-
dation.
Figure 10 shows a summary of the differences between
the combined CO from AIRS and TES and CO from both
HIPPO-1 and HIPPO-2 flights. The averaged differences
(HIPPO  retrievals) for all available cases are plotted at 41
vertical levels throughout the troposphere for AIRS (blue),
TES (cyan), and for the combined product (red), respec-
tively. Related error bars are computed from the 1  stan-
dard deviations of the differences between the observations
and the retrievals. The CO field errors below 700 hPa are
reduced by more than half, from 19.9 ppbv to 8.7 ppbv at
766 hPa and from 33.4 ppbv to 11.9 ppbv at 918 hPa. In the
mid-troposphere (350–600 hPa), TES average errors (10–
14.3 ppbv) are twice as high as for AIRS ( 1.1 to 5.4 ppbv)
in magnitude with similar SDs. Note that the errors are de-
fined by HIPPO CO minus the retrievals, so the negative
values indicate an overestimate by the retrievals. The errors
for both AIRS and the combined AIRS and TES are below
5 ppbv, with AIRS-retrieved CO lower than the HIPPO mea-
surements and the combined CO slightly higher than HIPPO
Atmos. Chem. Phys., 14, 103–114, 2014 www.atmos-chem-phys.net/14/103/2014/
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Fig. 10. The differences between AIRS (blue), TES (cyan), and the combined CO (red) and CO from both 
HIPPO-1 and HIPPO-2 flights at 41 vertical levels. Related error bars are computed from the 1-sigma 
standard deviations of the differences between the observations and the retrievals. Positive differences 
indicate that the data fusion approach works well such that the lower troposphere analyzed CO compared 
to AIRS CO and mid-troposphere analyzes CO compared to TES CO have errors that have been reduced 
by more than half in both cases.   
 
 
 
 
 
 
 
Fig. 10. The differ nces b t een AIRS (blu ), TES (cyan), and
the combined CO (red) a d C from both HIPPO-1 nd HIPPO-
2 flights at 41 vertical levels. Related error bars are computed from
the 1  standard deviations of the differences between the observa-
tions and the retrievals. Positive differences indicate that the data fu-
sion approach works well such that the lower-troposphere analyzed
CO compared to AIRS CO and mid-troposphere analyzed CO com-
pared to TES CO have errors that have been reduced by more than
half in both cases.
CO measurements. The 1  SDs are approximately the same
for AIRS CO and the combined AIRS and TES CO at ⇠ 15–
20 ppbv in the mid-troposphere, and reduced in the lower tro-
posphere from⇠ 20–30 ppbv to⇠ 10–20 ppbv, with the com-
bined product having the lower error.
4.2 Combined AIRS and MLS CO retrievals
MLS CO retrievals are combined with AIRS CO retrievals
using the same method as for AIRS and TES described in
Sect. 3. Livesey et al. (2007) describe the error characteristics
of these retrievals, and recommend that data not be used be-
low the 215 hPa vertical level. Although we are using a newer
version (V3.3) of MLS data, based on the errors provided by
MLS team (http://mls.jpl.nasa.gov/data/v3-3_data_quality_
document.pdf), we choose to only use data above 215 hPa.
We modified the data fusion methodology by using gridded
data for AIRS and MLS as opposed to using L2 individual
pixels in the case of AIRS and TES. AIRS CO retrievals are
averaged into 3  ⇥ 3  grids and MLS CO retrievals are aver-
aged into 6  ⇥ 6  grids, in both cases separated into daytime
and nighttime measurements. This is done to reduce noise
in the MLS CO data and to take into account that the MLS
pixel represents a relatively long horizontal path due to limb
viewing.
Figure 11 shows the global CO retrieval comparisons at
147 hPa for 4 March 2006 daytime-only tracks, with AIRS
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Fig. 11. Global CO retrieval comparisons at 147hPa for March 4, 2006 daytime only tracks, with AIRS 
V5 CO VMRs over-plotted by MLS CO VMRs (ppbv) in the upper panel and the combined AIRS and 
MLS CO VMRs in the lower panel. 
 
Fig. 11. Global CO retrieval comparisons at 147hPa for 4 March
2006 daytime-only tracks, with AIRS V5 CO VMRs over-plotted
by MLS CO VMRs (ppbv) in the upper panel and the combined
AIRS and MLS CO VMRs in the lower panel.
V5 CO VMRs over-plotted by MLS CO VMRs in the upper
panel and the combined AIRS and MLS CO VMRs in the
lower panel. The combined AIRS and MLS CO fields show a
large increase in their variability, with higher CO at low lati-
tudes by approximately 10 to 20 ppbv (⇠ 20%) or higher, and
lower CO at mid- and high latitudes (by ⇠ 10 ppbv), in both
cases compared with the AIRS retrievals. Higher CO con-
centrations are identified as three large plumes over the trop-
ics that cannot be measured by any nadir instrument; these
features are expected due to the high tropopause and strong
convection in the tropics. The decrease in CO values in the
NH is also expected considering that the retrieved CO from
a nadir-sensing instrument may be affected by the higher tro-
pospheric CO signals. It is difficult to resolve vertically the
location of the high CO concentrations with thermal nadir-
viewing instruments, since the weighting functions for CO
are generally broad and have very few (1–2) pieces of infor-
mation in the troposphere.
Figure 12 shows the validation of the combined AIRS and
MLS CO in the UTLS using in situ data from HIPPO flights.
Measurements from all 5 HIPPO flights are summarized into
www.atmos-chem-phys.net/14/103/2014/ Atmos. Chem. Phys., 14, 103–114, 2014
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Fig. 12. Validation of the combined AIRS and MLS CO VMRs (ppbv) (red lines) in the UTLS region 
using HIPPO (HIPPO – Retrievals) with 1-sigma SDVs, compared with AIRS CO VMRs (ppbv) (blue 
lines). Positive differences indicate that the data fusion approach works well in the UTLS regions with an 
error reduction of approximately half at most levels.   
Fig. 12. Validation of the co bined AIRS and MLS CO VMRs
(ppbv) (red lines) in the UTLS regions using HIPPO (HIPPO
 retrievals) with 1  SDs, compared with AIRS CO VMRs (ppbv)
(blue lines). Positive differences indicate that the data fusion ap-
proach works well in the UTLS regions with an error reduction of
approximately half at most levels.
the difference plot between HIPPO CO and the satellite prod-
ucts (HIPPO minus retrievals), shown as the blue curve for
AIRS V5 CO, cyan curve for MLS CO, and the red curve
for the combined AIRS and MLS CO in Fig. 12. The solid
lines are the average errors showing 5 to 10 ppbv improve-
ments for the height levels above 220 hPa over using AIRS
data alone. The SDs have been improved by approximately
5 ppbv, from 20–25 ppbv to 15–20 ppbv above 220 hPa. The
MLS average error is very low (⇠ 2.1 ppbv) at 146.8 hPa, and
it provides CO information to the combined product, which
is an improvement over AIRS alone. Meanwhile, the SDs
are reduced from 18.9 ppbv to 16.7 ppbv compared to the
MLS-only CO. The MLS CO average error is relatively high
( 17.8 ppbv) (CO retrievals greater than HIPPO CO), with
SDs at 36.0 ppbv at pressure level 215 hPa, which is given
less weight in the data fusion of AIRS and MLS. The im-
provement of SDs using the combined CO at 217.7 hPa over
MLS CO is significant from 36.0 ppbv to 19.8 ppbv.
5 Summary
Multiple sensors (AIRS, TES, and MLS) on the A-train sys-
tem make correlative CO measurements within a short time
period (15–30min). Based on differences between their mea-
surement techniques, each sensor provides unique charac-
teristics. This study seeks to combine these data sets with-
out using a chemistry transport model, an approach that dif-
fers from traditional data assimilation. This approach, called
data fusion, avoids uncertainties arising from model dynam-
ics and transport issues, and provides a new set of measure-
ments only from satellite sensors in that the analysis is not
dependent on model information. Results from this study
have shown that the technique works well, generally provid-
ing improved CO products compared with those from each
individual sensor. The combined AIRS and TES CO prod-
ucts showed improvements of 10 to 40 ppbv, and the com-
bined AIRS and MLS CO products showed improvements
of 10 to 20 ppbv above 175 hPa, based on validation using
INTEX-B and HIPPO in situ measurements. The combined
data sets retain the twice-daily nearly global coverage due
to AIRS’s wide swaths and the implementation of a cloud-
clearing algorithm that reconstructs cloudy pixels to recover
more than 50% of the daily measurements, compared to less
than 10% clear-sky coverage.
This study provides a new framework to combine different
measurements without the use of a model. We have demon-
strated the feasibility of the data fusion technique using A-
train measurements from AIRS, TES, and MLS. However,
this technique can be easily adapted to include direct and in
situ measurements and/or other satellite products, and take
advantage of the mature approaches developed in the field of
data assimilation. Further studies will examine in detail error
estimation and the constraints provided by satellite products.
Data fusion for other atmospheric species such as ozone and
water vapor using this technique is also possible and should
benefit chemical and dynamical studies of the UTLS.
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